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@ Variable wavelength light filter and sensor system. 

@ Light filter apparatus for receiving a light beam having wavelengths in a selected band and for 
dispersing the light into a plurality of rays, with each ray having a different wavelength for which the 
intensity peaks. The peak wavelength varies approximately continuously with displacement of spattal 
position in a chosen direciibn along the fSter's light-receiving plane. In one embodiment, the liter Is a 
modified etalon structure having at least two reflecting surfaces whose separation distenoe b not 
constent but increases or decreases monotonically with distance in a chosen d&nedton In a light- 
receiving plane of the etaloa Each of these two reflecting surfaces may be planar or non-planar but 
continuous, or may have a step or staircase configuration. This structure may operate using transmitted 
light or reflected light In a second embodiment, an edge filter combinafaon is used to produce a nanow 
band of transmitted or reflected light having a variable central wavelength that varies with po^tkin 
along the chosen direction. In a third embodiment, a multilayer thin film structure Is used to provide a 
nanrow band of transmitted or reflected light having a variable central wavelength. The fiiter may be 
combined with a one-dimensional or two-dimensional array of photosensor elements, which array may 
be linear, circular or generally curvOinear, one such element receiving a group of adjacent light rays of 
similar peak wavelength, to provide a plurality of different wavelength readings on an inddent light 
beam for spectrophotometry or colorimetry analysis. 
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VARIABLE WAVELENGTH LIGHT FILTER AND SENSOR SYSTEM 



Held of the Invention 

This invention relates to spectrophotometers, radiometers, photometers and colorometers and means for 
5 dispersing and analyzing the wavelengths of light received in an incident light beam, and to wavelength band 
filters therefor with variable wavelength pass bands. 

Background of the Invention 

10 in using a spectrophotometer. It is usually necessary to disperse the incident light beam into a plurality of 
different wavelengths or wavelength intervals in order to fully analyze the content of the incident light beam. 
One means of such dispersion is disclosed in U.S. Pat No. 4,678,332, issued to Rock et al., in which a fiberop- 
tics reformattar having a plurality of fibers is used for dispersion of the incident beam into its component 
wavelengths. 

15 Another means of wavelength dispersion is disclosed in U.S. Pat No. 4,681 ,445, issued to Perkins, in which 
a piurali^ of beam splitters, each functioning in a different part of the wavelength spectrum, is used to provide 
wavelength dispersion of an incident light beam. Crane, In U.S. Pat No. 4,743,114, discloses the use of Fa- 
bry-Perot Interferometer scanning using a nutating etalon in which the incklence angle of the light beam relative 
to the interferometer Is caused to vary penodically In two perpendicular directions of rotation. 

20 Use of a blazed diffraction grating or similar means of wavelength dispersion is disclosed In U.S. Pat No. 
4,758,090, issued to Schuma, and In U.S. Pat No. 4,718,764, issued to Rnk, and in U.S. Pat No. 4,776,696, 
issued to Hettrick et al. In U.S. Pat No. 4,731 ,881 , Geller discloses means for blocking all light of the incident 
beam except a nanrow pass band of wavelengths whose wavelength versus Intensity content Is then analyzed. 
F^. 1 illustrates a simple Fabry-Perot etalon 1 1 , used as a nairowband passfilterin the prior art An Inddent 

25 wave 12 anives at a first surface 13 of the etalon that is partly reflecting and partly transmitting. A transmitted 
portion 14 of the light beam passes through the first reflecting surface 13 and propagates to a second parallel 
surface 15 that is partly reflecting and partiy transmitting. The transmitted portion 14 of the light beam 12 is 
reflected back and forti) between the reflecting surfaces 13 and 15 many times, witii a portion of tills light being 
transmitted tiirough the second reflecting surface 15 at each pass. This produces a transmitted light beam 16 

so wtiose amplitude manifests well-known interference effects associated with the etalon 1 1 and depending upon 
the (constant) distance of separation h between the two reflecting planes 13 and 15. in this simplest approach 
to the Fabry-Perot etalon, the tiiickness of tiie reflecting ^rfoces 1 3 and 15 Is ignored so that the only inter- 
fidrence effect comes from the distance of separation of the surfeces 13 and 15. The distance of separation h 
b normally chosen to be X sec 8/2n, where n is the refractive index of the material between the two reflecting 

35 surfaces 13 and 15 and 0 is the incidence angle of tiie l^ht received at the first reflecting surfece. 

Anotiier nanrow band pass filter discussed in the prior art is a thin film edge filter, which consists of a tiiin 
film of material tiiat has a transition edge at a predetermined range of waveiengtiis X = X^, is substantially fully 
transparent for wavelengths X > Xg and Is substantially reflective for a continuous band of wavelengths X < 
This filter is discussed by H.A. McLeod in Thin-Film Optical Filters, MacMillan, 1986, pp. 188-233, incorporated 

40 by reference herein, and one embodiment 17 is illustrated In Rg. 2. In Rg. 2, a first sequence of klentical thin 
films 19 of quarter wave thickness TJAnn of material 25 of high refractive index alternates witii a second sequ- 
ence of Uentical thin films 21 of quarter wave tiilckness X/4nL of material of lower refractive index n^ An incident 
tight beam 22 having a plurality of wavelengths approaches the edge filter 17, and after the beam is reflected 
and fransmitted at various interfaces of the fOter, a light beam 23 emerges from the filter 1 7 with long wavelengtti 

45 components X > attenuated minimally, with waveiengtii components in a range Xi < X < attenuated (by 
reflection, or alternatively by transmission) almost completely, and with shorter wavelengtti components X < Xt 
attenuated nK>derately or not at all. For a dioice of germanium (nH = 4.0) and silicon monoxide (n^ = 1,70) as 
the thin fOm materials (13 layers each) and a reference wavelength Xq = 4.0 pm, tiie computed optical trans- 
mittance exhibits a totally reflective band between X » 3.3 pm and X » 5.4 pm, as Olustrated by McLeod, op.crt, 

50 in F^. 6.2 on page 1 90. The configuration of Rg. 2 may also be used as a multilayer thin flim to provkle a fitter 
tiiat is highly transmissive or highly reflective in a specified wavelength band. Other suitable choices of filter 
material Include quartz (nL=1.45), MgF2 (nL"1.38), Na^AIFe (nt=1.35), PbClz (nH=2.20) and ZnS (nH=2.35). 

in a more sophisticated approach, the tiilckness of one of the reflecting sur^ces 35 and 37 m(ght also be 
taken into account so that additional interference effects arise from reflections at the two spaced-apart boundary 

55 surfaces of the reflecting surface ttiat has non-zero thidcness. This leads to consideration of a compound Fa- 
bry-Perot etalon that has two sets of reflecting surfaces and, usually, different distances of separation between 
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each of the pairs of reflecting surfaces. The compound Fabry-Perot interferometer Is discussed briefly In E.U. 
Condon and H. Odishaw, Handbook of Physics. McGraw-Hill, 1967, pp. 6-100 to 6-102 and In FA Jenkins 

5 and H.E. White, Fundamentals of OpUcs. McGraw-Hill, 1976, pp, 301-303. 

At the same time, it may be desirable to alterthe Intensity distribution of light received atone or more detec- 
tors associated with the spectrophotometer or colorimeter to compensate for other processes. Young, In U.S. 
Pat No. 4,740,082, discloses a spectrophotometer in which a photosensitive detector is uniformly illuminated 
for all areas of an aperture through which a portion of the light beam passes, in U.S. Pat No. 4^64,211, Biggs 

10 discloses a light sensor in which the incident radiatton recehfed is corrected by the cosine law that applies to 
radiation received at a non-zero incidence angle by a radiation conductor. 

A variable color filter is disclosed by lllsley et al. in U.S. Pat No. 3,442,572, using a wavelength filter posi- 
tioned on the drcumference of a large circle, where the fiter thickness increases linearly with increase of the 
azimuthal angle 0 (0 < 0 < 2«) of the position on the drde circumference. This invention relies on a fabrication 

IS method and apparatus, disclosed and claimed in two division patents, Nos. 3,530,824 and 3,617,331 , that prob- 
ably cannot be used to fabricate a filter whose ttitekness is not linearly Increasing witti increase in a spatial 
coordinate. Rodine, in U.S. Pat No. 2,960,015. discloses another method of making variable transmission light 
filters In a two-dimensional, radially symmetric configuration in which filter transmissivity varies witti radial dis- 
tance from the center of a circular pattern. 

20 Katb et at, in U.S. Pat No. 4,253,765, disclose a multi-wavelength spectrophotometer ttiat expltcltiy takes 
account of the decrease in sensitivity of most detectors at the lower end of the visible range of wavelengths by 
dividing this range into sub-ranges, each of which is scanned over different integration times, i^to et al. use 
a diffraction grating to provide the division of incident light into waveiengtti sub-ranges. 

In U.S. Pat No. 4,566,797, Kaffka et al. disclose use of a plurality of narrow band radiation emitting dkxies, 

25 each of which emits almost-monochromatic light with differing central wavelengths. This provides a small, finite 
number of discrete wavelengtiis for use witii a spectrophotometer, and tiiese wavelengtiis cannot be varied or 
used to provkle a continuous range of wavelengths. 

Hopkins, in U.S. Pat No. 4,746,793, disclose use of a mask to shade one or more of a plurality of photo- 
diodes from light of undesired frequencies, in order to avoid overioading a photodiode by receipt of intense light 

30 produced by a strong spectral band in tiie light source. Light corresponding to tiie intense portion of ttie spec- 
trum produced by tiie light source is masked off, and light firom the remaining wavelengtii components is 
received in a nonnal manner for use in a spectrophotometer. 

A two-dimensbnal colorfilter array, using red, green and blue filters In a predetenmined pattern, is disclosed 
in U.S. Pat No. 4,764.670, issued to Pace et al. The filter dyes are effectively positioned direcfly on the light 

$s sensors, and each dye is unavoidably broad band. This arrangement woukJ not be suitable for 
spectrophotometry because it cannot provide a variable set of narrow wavelength bands. 

U.S. Pat No. 4,795,256. issued to Krause et al., discloses use of a first beam splitter to produce a first 
nrK}nochromatic light beam and a second beam splitter to produce a second monochromatic light beam, wItt) 
a diffierent central wavelengtii, from the remainder of the light beam. Although one could continue this to produce 

40 a small number of different wavelength light beams, the overall apparatus would be complex and large and 
would produce only a discrete set of fixed wavelengtiis, not a continuously variable set of such wavelengtiis* 
U.S. Pat No. 4,797,000, Issued to Curtis, discloses a comparative colorimeter tfi at compares the color den- 
sities of two liquid samples and provides a measure of the degree of difference of the two samples. The 
apparatus uses a differential amplifier circuit that receives electrical signals produced by receipt of light trans- 

45 mitted through each of the samples at a pair of photodetectors. The currents produced at tiie photodetectors 
are preferably logarithmically converted to voltage signals In order to increase the dynamic range of the 
apparatus. The photodetector sensors appear to use conventional discrete filter-diffuser combinations to 
analyze the transmitted light in each of a small number of wavelength sub-ranges. 

Several U.S. patents disclose use of a Fabry-Perot Interferometer arrangement in which one of the two 

so parallel reflecting surfaces tiiereof can be displaced by a controllable amount in order to vary the distance be- 
tween the two reflecting surfaces and tiiereby vary the wavelength(s) at which maximum transmlsston occurs 
from tiie interferometer. These patents include No. 3,387,531 issued to Hesse. No. 3,635,562 issued to Catiie- 
rin. No. 4,318,616 Issued to Chamran et at. No. 4.572,669 issued to James et at. No. 4,738,527 is^ed to 
McBrien, and No. 4,825,262 Issued to Mallinson. 

55 Fein et al. disclose an optical radiation translating device in U.S. Pat No. 3.498,893. The Fein et al. 
apparatus in one embodiment (Fig. 3) uses two spaced apart planar refiectors of light ttiat are inclined at a non- 
zero angle relative to one another, with a wedge-shaped dielectric material occupying the volume between the 
reflectors. Ught is transmitted through the wedge^haped fQter, requiring constructive interference of the light 
waves, only at positions along the device where the one-way optical path length of the light beam through the 
dielectric material Is an integral multiple of one half the wavelength %q of tiie light, which is assumed to be mono- 
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chromatic. The dleledric spacer material has an electrical field applied thereto, and as the magnitude of the 
voftage chenges the positions where l^ht beam transmisstons occur are moved aooss the face of the device. 
5 In all embodiments dtecuss^, the light beam is monochromatic and the number of discrete light transmission 
positions along the filter is finite and is equal to the number of discrete positions where the optical path length 
through the dielectric material is m V2 (m=1.2,3,...). Light transmission through the device wai be manifested 
by the appearance of one or a discrete sequence of unifomnty spaced light beam spikes at Intervals along the 
face of the device. 

10 In U.S. Pat No. 3,552,826, Hanes et al. disclose a variable thickness, multi-layer light reflector with a thick- 
ness h(x) that decreases exponentially with Increase in a spatial coordinate x measured in a predetermined 
direction in a plane of the reflector. The reflectance R of the reflector at any point x Is a functon of the single 
variable w » 7Jh{x) where X is the wavelength of light incident on the reflector. The exponential decrease of 
thickness h(x) with the coordinate x is required In order to insure that d 2R/a^ - 0 and d ^R/ ax^ - 0. 

15 Bates, In U.S. Pat No. 3,929,398, also discloses use of a wedge-shaped interference filter to produce a 
line of light at a particular coordinate position x that varies with the wavelength of tiie incident monodiromatic 
light The position x of the line of light is variable and Is controlled by the operator's choice of wavelength. A 
sequence of masks is used to selectively mask portions of the line to produce an ordered sequence of dark 
and light regions on the illuminated line that characterizes the light (e.g., its wavelength). 

20 A odor sensing device using a group of adjacent, nonoveriapping light filters with different pass bands is 
disclosed by Hinoda et al. in U.S. Pat No. 4,547,074. Eadi light Alter consists of an interference filter with a 
plurality of separated wavelength pass bands plus a color filter with a sharp cutoff band that falls within one of 
the interference filter pass bands. The serial combination of these two filters selects a particular narrow 
wavelength band for transmission of light therethrough. A photodiode, positioned beneath the serially combined 

25 ffiterterence fBter and color filter, receh^es the transmitted light and determines the relative biter^lties of iitjht 
in each of several wavelength pass bands. Photodiode light-receiving faces may have different areas to reflect 
the light sensiOvity of the photodiodes in different wavelength regions. A subgroup of such filters may be con- 
figufod to sense the relative amount of light in each of a set of adjacent wavelength bands* to thereby provide 
color matching capability according to the CIE XYZ colorimetric system. The incident light is not assumed to 

20 be monochrmnatlc, but it appears that each interference filter/color filter pair must be carefully matched to pro- 
vide a wavelength pass band. 

U.S. Pat No. 4,822,998, issued to Yokota et al., discloses use of an array of light sensors, each sensor 
being sensitive to a different wavelength range and receiving light transmitted through a r^htfHter with a trans- 
mission wavelength t>and pass corresponding to the wavelength band to which the light sensor responds. In 

35 one embodinnent, shown in Rg. 1 of flie Yokote et al. patent the light filter array is arranged in a double steircase 
configuration, with the fHter thickness Increasing fiom one plateau of constent thickness to another plateau of 
greater constant thickness. A first filter steircase and second filter staircase have filter thicknesses chosen to 
correspond to optical interference orders m=1 and m=2, respectively, according to well known optical interfer- 
ence relations for a Fabry-Perot etalon. By separating the visible spectrum (wavelengths X » 0.4 - 0.7 pm) into 

40 two smaller wavelength ranges, the sidebands of each interference order, other than the order m^l or m=2 
that is desired, are caused to appear at wavelengths well removed from the visible spectrum and can be 
attenuated with simple fixed band pass ultraviolet and/or infrared fHters. Low order Fabry-Per(^ interference 
bands are usually not narrow enough by themselves for most spectrophotometer applications. As Figure 7 of 
the Yokote et al. patent illustrates, the full width at half maximum CFWHM") for a low order interference band, 

45 with a central wavelength Xe ^ 400 nm. is 1 5 nm and 9.6 nm for surface refiectivities of R » OJ23 and 0.82, re- 
spectively. The FWHM would increase witii Increasing wavelength. These FWHM values are much too wide 
for many applications of such technology in colorimeters and radiometers. Increasing tite reflectivity R of the 
surteces of the Fabry-Perot etalon will narrow tiie FWHM by a modest anK)unt but tiie FWHM is still too large 
tor Bcma spectrophotometer applications, and the transmissivi^ T=1-R may already be so low that the signal- 

60 noise ratio for the photosensor signals becomes a concern. The wavelength sklrte that extend t)eyond the 
FWHM wavelengtti region may also be too broad to allow sharp wavelength discrimination. 

Many of the devices of the prior art are large and bulky and do not make full use of or analyze all 
wavelengths in a continuous wavelengtti interval of ttie Incident light beam. The cost of these de>rices is usually 
great due In part to the delicate optical systems used. Further, no controllable means has been disclosed for 

5$ compensating, at the same time, for ttie non-unitonn sensitivity, as a function of wavelength, of photodetector 
elements or for compensating for use of a non-stendard l^ht source fdr Olumination. 

What is needed is a compact apparatus tiiat (1) efficlenfly disperses a light beam into a continuous interval 
of wavelengtiis and analyzes the content of the light beam tiiroughout tills interval ; (2) allows shifting or aug- 
mentation of the wavelength interval to be analyzed ; (3) allows flexibility in alteration of tiie l^ht beam intensity 
distribution recehred by a plurality of wavelengttHsensitive photodetector elemente ; (4) provides sharply 
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defined, very narrow bands of light of different wavelengths at each photodetector element ; and (5) allows con- 
struction of the apparatus on a single chip that Is compact and rugged and has low cost 

5 

Summary of the invention 

These needs are met by providing the combination of a wavelength filter having a bandpass peak 
wavelength that varies continuously with displacement of spatial position on the filter plus a photosensor array 

10 positioned to detect selected wavelengths passed by the fitter. A pair, or series of pairs, of reflecting susfsee^ 
spaced apart by a distance that varies with position, serves as a variable wavelength filter. The optical path 
length from one reflection surface to another varies with position in a selected spatial direction along the light- 
receMng plane of the filter. This penmits shifting of the central v^elength and sunroundlng wavelength pass 
band interval while allowing alteration of beam intensity distribution at photodetector elements. At any position 

IS on the filter where the filter is to promote or accentuate transmission or reflection of light of a particular central 
wavelength the filter layer thickness should be (m-1/2) XJ2n or m XJ2t\ (m=1.2,3,-..), depending upon the 
configuration, where n ts the real part of the refractive index of the fOter material. Where reflection of light at a 
given wavelength X is to be promoted, the filter thidoiess should be (2m-1)X sec 0/4n, where S is the Inddence 
angle of the light beam. 

20 In one embodiment, the invention includes a stratum of material that is at least partly transmitting and has 
a thickness that increases monotonically in a selected spatial direction, where tiie perpendicular thickness at 
some position of the single stratum is equal to mXJ2r\ (transmission mode) or (m-1/2} X^/ln (reflection mode), 
where m is a positive integer, A«o is a particular central wavelength in a selected band of central wavelengths 
Xc and n Is tiie real part of ttie refractive Index of ttie material. This embodiment also Includes an array of photo- 

25 sensors positioned adjacent to tiie filter layer to receive light transmitted tiirough or reflected from the filter layer 
at various positions in the selected direction. An example of such a filter stratum would be a wedge of material 
bounded partiy by two planar reflecthg surfoces tiiat make a very small angle with one another. Opttonally, al 
least one of tiie light-^ceiving surfaces of ttiis stratum has a filter layer deposited on or adjacent to the surface 
to suppress tiie appearance in the output signal of any undesired side bands. A "side band," as used herein, 

30 is a pass band that does not include tiie desired central wavelength. The wedge or shaped ^tum of filter ma- 
terial functions as a modified etalon witii a tiiickness or distance between tiie reflecting surfaces tiiat varies 
with position. Transmitted light or reflected light may be used from tiiis filter. This is also truefor tiie other embo- 
diments discussed below. 

In a second embodiment, tiie invention includes a first narrow band pass filter witii monotonically increasing 
35 tiiickness in a selected spatial direction and a second broad band pass fSter. Each of the two fitters may inde- 
pendentiy operate in the transmission mode or in the reflection mode, whereby a light beam issued by one of 
the filters is received by tiie other filter. The broad band pass fOter optionally has a monotonically increasing 
tiiickness in the selected spatial direction so tiiat central wavelengths X« of tiie narrow pass band of the first 
filter and of the broad pass band of the second filter change with position in the selected direction. The per- 
40 pendicular tiiickness of the first filter layer at some position is equal to m \J2n (transmission mode) or (m-1/2) 
XJ2n (reflection mode), where m is a positive integer, n Is the real part of the refractive indm of the first layer 
material, and is a central wavelengtii in the narrow pass band of tiie first filter at that position. An array of 
photosensors may optionally be positioned to receive a portion of a light beam that has been transmitted through 
or reflected from each of tiie first filter and the second filter at a selected position on each filter. 
45 The filters in each of the embodlmente may be formed as Fabry-Perot etalons, as edge filters, as multi-layer 
ttiin films, or as any similar optical filter devices in which a central wavelength of an optical pass band can vary 
with position. 

A third embodiment provides a first reflecting surface of approximately constent tiiickness and a second 
reflecting surface arranged in a staircase configuration having a plurafity of two or more planar staircase seg- 

50 ments, each staircase segment having approximately constant thickness and being approximately parallel to 
tiie first surfiace, wtth a layer of filter material being provided in tiie volume between tiie firet and second ref- 
lecting surfaces. The distances of separation between the firet surtace and each of the staircase segmente of 
the second surface increases (or decreases) monotonically in a selected spatial direction but need not increase 
(or decrease) by a constant increment Any of tiiese embodlmente can be used in a transmission mode or In 

55 a reflection mode. 

In a fourth embodiment, two edge fDters, one high pass and one low pass, are provided in series In tiie 
path of an Incident light beam to produce a resulting light beam witii a nanrow band of wavelengths surrounding 
a central wavelength Xe, where varies witii a spatial coordinate x measured along a selected spatial direction 
on the combinati'on filter. The wavelength is caused to vary witii position x by varying tiie thickness of one 
or more layers of optically refracting material tiiat comprise each of the two edge filters. 
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In a fifth embodiment a multi-layer thin film is provided having at least one layer with monotonfcady fncn^as- 
ing (or decreasing) thickness, with a nanow pass band having a central wavelength %^ that varies with position. 

5 The filter apparatus may be incorporated in a spectrophotometer apparatus that indudes the fDter and an 
anay of photosensors extending in the selected direction and being positioned to receive portions of a light 
beam that is transmitted through the filter. This array of photosensors receives a portion of a light beam corre- 
sponding to a continuous interval of wavelengths In the incident light beam. The spectrophotometer apparatus 
may include a plurality of two or more such filters, each filter having a conresponding photosensor anay or seg- 

10 ment of a common anay to receive light transmitted at vanous positions through the filter apparatus, plus elec- 
tronic drcuitry for stitching together the wavelength ranges of the different photosensor arrays. In this manner, 
a plurality of overiapping or non-overlapping wavelength internals may be analyzed by the spectrophotometer 
apparatus. The apparatus may also indude light distribution means for receiving the Inddent light beam and 
fbr altering the light intensify spatial distribution of ttie light that would otherwise be recehfed at the first light- 

15 receiving surface of the filter. 

The spectrophotometer filter and associated photosensor apparatus may be incorporated on one or more 
compact chips so that the device is compact enough to be used in a variety of medical, environmental and other 
situations in which analysis of the wavelength spectrum of the incoming light is required. The apparatus may, 
Ibr ^cample, be used in cdorimetry, fbr detenfnining the characteristics of a particular color or fts "doseness** 

20 to another cdor, for monitoring the color signals displayed on a color printer, computer monitor or television 
screen, or for monitoring the changes in color displayed due to changes in local environmental conditions. The 
apparatus may also be used In photometry to detemfilne the total amount of inddent light, or in radiometry to 
detemiine the total annount of Inddent light in a restncted frequency range such as the microwave region. The 
apparatus may also be used as a multiple channel communications receiver, as a color scanner, or as a mono- 

2S chromator. Apparatus fbr most of these applications may be made small enough to be portable or usable as 
hand-held apparatus. 

Brief Description of the Drawings 

30 Ftg, 1 is a side view of the operation of a standard Fabry-Perot etalon that receives an incident light beam. 
F^. 2 is a side view of a conventional multilayer edge filter that receives an Incident light beam. 
Fig. 3 Is a side view of one embodiment (transmission mode) of the filter invention in which the distance 
of separation of two reflecting planes increases monotonically with a spatial coordinate x. 

F^. 4 is a plot Illustrating a superposition of three narrow band wavelength regions and the natural broaden- 
35 Ing that occurs as wavelength Increases. 

Fg. 5 fs a plot of the spectrum of transmitted Intensity versus wavelength of light for two positions, x 
and X = X2, for the embodiment shown in Fig. 3. 

F^s. 6, 7Aand 7B are side views of three embodiments of the invention that operate In the reflection mode. 
F^. 8A, 88, 8C and 8D are plots Qlustrating light transmission through a high pass edge filter, a low pass 
40 edge filter, and combinations of these two filters, as used in the invention. 

F'q. 9 is a side view of an embodiment that uses a serial combination of a high pass edge fOter and a low 
pass edge fitter. 

F^s. 1 0 and 1 1 are side views of another embodiment of the invention in which one of the planar reflecting 
layers is replaced by a reflecting layer having a staircase configuration. 
45 F^s. 12A and 128 are cross-sectional views of two versions of a mulblayer thin film filter configuration suit- 
able for implementing an embodiment of the invention. 

Figs. 13A and 138 are plots of transmittance versus Inverse wavelength for two thin film filters implemented 
according to the invention. 

Fig. 14 is a plot of reflectance of a light beam as a function of wavelength for the embodiment shown in 
50 Hg. 128. 

Fg, 15 Is a cross-sectional view of anotiier multi-layer thin film filter constmcted according to the Invention. 

F^. 16 is a plot of several possible variations witti distance x of the separation distance h(x) of two adjacent 
reflecting surfiaces within the filter in a selected direction. 

F^s. 17 and 18 are perspective views showing the use of one filter or two filters laid end-to-end, respect- 
55 ively, according to the invention, together with an array of photosensitive elements. 

Fig. 19 is a plot illustrating partial overlap of selected wavelength bands versus spatial displacement of 
two fBters oonstnjcted accmJing to tiie invention. 

F^. 20 is a perspective view of an embodiment thai utilizes a two^imensional an^y of filters and photo- 
sensors. 

F^s. 21 A, 218 and 21 C are side views of three embodiments that allow a wavelengtii filter and a photo- 
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sensor array to be positioned contiguous to one another, according to the Invention* 

F'QS. 22A and 22B are schematic views of two arrangements of light sources and optics that may be used 
5 to practice the invention. 

F^. 23 is a plan view of a light filter and sensor system, constructed according to the Invention In a circular 
or ottier curvilinear conftguration. 

Figs. 24A-24D are plots Illustrating the proximify and coincidence of transmission maxima for an etalon-fype 
filter for the choices of transmission orders m = 1, 4, 2 and 3, respectively. 
10 Fig. 25 is a schematic view Illustrating a suitable approach to match a ooAor pattern received by an eye 
from an object and a color pattern received by a photosensor from the object illuminated by an arbitraiy ^urce. 

Fig. 26 is a schematic view lllustratfng application of the Invention in a multiple channel communications 
recehfer. 

Fig. 27 is a perspective view DIustrating application of ttie invention in a color scanner. 
15 Fig. 28 is a schematic view of a prototype of the Invention that has been constructed and operated. 

Fig. 29 Is a plotof transmittance, as a function of tiie central wavelength of each of a linear array of photo- 
sensors, produced by the prototype in Fig. 28. 

Fig. 30 is a schematic view of an electrical circuit tiiat is suitable for processing the output signals from a 
photosensor array. 

20 

Best Mode for Canrying Out the Invention 

With reference to Fig. 3. showing one embodiment 24 of the invention, a light beam 25 arrhfes at a first 
reflecting surface or layer 26 of material having thickness hi. which may be variable but is preferably constant 

25 The word *1ight" here is taken to refer to any portion of the electromagnetic spectrum. The word stratum" here 
refers to a material witii at least one light receiving surface, which can be a bare surface or a surfiace vntii a 
filter layer deposited on ft. The first reflecting surface 26 Is spaced apart from and faces a second reflecting 
surface or layer 27 having a thickness ha. If the reflecting surface 26 or 27 has no separate layer deposited on 
it, hi=0 or h3=0. The two reflecting surfaces or layers 26 and 27 are separated by a spacer stratum 28, and the 

30 distance of separation haCx) between the two reflecting surfaces or layers 26 and 27 varies witti a spatial coor- 
dinate X measured in a selected direction along a light receiving plane of the first reflecting surface or layer 28. 
The spacer stratum 28 may be air or a vacuum and the reflecting layers 26 and 27 may be mechanically self- 
supporting, or the stratum 28 may be another optical medium, as discussed below. 

In one embodmient. tiie two reflecting surfaces or layers 26 and 27 are planar and make a very small angle 

ss AO witii one anotiier as shown, where this angle is generally of the order of mllliradians. This produces a wedge- 
shaped spacer stratum 28. A wedge^haped stratum 28 may be made by deposition on a substrate, using a 
moving mask to vary tiie tiiickness of tiie layer along a given direction. A portion of the incident light beam 25 
is transmitted through the first reflecting surface 26 and becomes a plurality of first transmitted beams 29 
through multiple reflections within tiie spacer stratum 28. A portion of each of the first transmitted beams 2d Is 

40 further transmitted through the second reflecting surface 27 and becomes one or a plurality of second trans- 
mitted beams 30 that issue from the filter 24 in the transmission direction. 

Assume that the incident light beam 25 has a light beam component having a wavelengtii witiiin a selec- 
ted continuous band of wavelengths. If tiie reflecting layers 26 and 27 are metallic, the thicknesses hi and ha 
of the metal layers would k>e chosen to produce predetermined reflection coefficients in the wavelength band 

45 of interest Alternatively, one or both of tiie layers 26 and 27 may be a stack of thin films witii at least two different 
materials, one having a high refractive index and one having a low refractive index, where tiie high Index and 
low index materials alternate witii one anotiier in a well known manner. The comparative phrase ''high refiractive 
index" and "low refractive index" are used relative to one another here. In tiie visible and near*infirared 
wavelengtii regions, a low (high) refiBctive index material might have an index of reflraction n ^ 1.7 (n>1.7). In 

so tiie remainder of tiie infrared wavelengtii region, a low (high) refiractive index material might have an Index of 
refraction n ^ 2.5 (n>2.5). 

The variable distance of separation h2(x) between the two reflecting surfaces or layers 26 and 27 prefmbly 
is monotonically increasing or monotonically decreasing with increase of a spatial coordinate x and includes 
at least one position xb for which h2(Xo) = ma V^r^, where ma is a positive integer and na is the real part of the 
55 refiBctive index for tiie spacer material In the spacer stratum 28. Thus, for at least one posMon 3^ along the 
Alter 25 tiie total optical path length for transmlssk)n tiirough the stratum 28 is an integral multiple of the half 
wavelengtii V2. The Incident light may anive witii a small or modest incidence angle relative to tiie flr^ ref- 
lecting layer 15. In practice, this Incidence angle is usually chosen to be zero degrees. The spatial coordinate 
X may be a rectilinear variable such as a Cartesian coordinate, may be an angular variable such as a polar cr 
azimutiial coordinate, or may be any otiier curvilinear spatial coordinate. 
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Passage of a light beam through a single wedge^haped stratum of filter material 28 may produce fringes 
at nearby wavelengths that are commensurate with the central wavelength for which the system Is designed. 

5 Optionaay, one can indude a single filter layer on one of the light-receiving surfaces 26 and 27 of the stratum 
28 ; or two or more filter layers can be provided at one or both of the light-receiving surfaces 26 and 27 of the 
stratum 28. These filter layers are chosen to have a relatively narrow wavelength band pass region centered 
at or near a central wavelength Xc of interest and to filter out by absorption or reflection any incident Oght at 
any fringe wavelengths that might otherwise be present in the transmitted beam 30. 

10 A functfon h(x) is defined to be monotonically increasing in the coordinate x if h(xi) ^ h{x^ whenever Xi < 
X2. In the embodiments of the invention discussed herein, it is sufficient if the variable distance of separation 
h(x) of two surfaces increases (or decreases) monotonically with the spatial coordinate x so that intervals of 
constant separation h(x) may be interspersed with intervals where h(x) increases strictly monotonically with x 
{h(xi) < h(x2) whenever Xi < x^. One example of a monotonic, but not strictly monotonic. increasing function 

IS is the distance h(x} between a reflecting surface 63 and a sequence of staircase step reflecting surfaces 67-q 
(q-1,2,...) illustrated in Rg. 1 0, discussed below. An example of a strictly monotonically increasing lunctton Is 
the distance h(x) between the two reflecting surfaces 26 and 27 shown in Rg. 3. 

The materials from which the first and second reflecting surfaces 26 and 27 are made should be at least 
partly transmitting and should absorb at most only a small fraction of the light of wavelength Xe transmitted 

20 through that thickness of material. The materials for the first and second reflecting surfaces 26 and 27 and for 
the spacer stratum 28 may be drawn firom glasses, insulators, semiconductor materials such as silicon and ger<- 
mankim, metals such as aluminum, or other materials such as magnesium fluoride, zinc sulfide, calclte, sap- 
phire, and oxides of aluminum, silicon, germanium, calcium, cadmium, titanium, cerium and zirconium. The 
spacer material for the spacer stratum 28 should be transmitting, with a small or infinitesimal absorption for the 

25 light of wavelength Ve and the range of thicknesses h2(x) used here. The material for the spacer layer may also 
be vacuum or air, if the layers 26 and 27 serve as reflecting surtaces for the incident light 

Thin film optical filters are well known in the art They are nomiaily constructed by vacuum deposition of 
alternating high and low refractive index optic layers on a given substrate, such as glass. Light entering a stack 
of optically transmitting layers Is partially reflected at tiie boundaries of each layer, with a reflectance ampfltude 

30 determined by the ratio of the refractive indices across the boundary. A reflection that occurs when a beam 
approaches a higher refractive index medium firom witiiln a lower index medium includes a 1 80 degree phase 
shift A reflection that occurs when a beam approaches lowerrefiractive index medium from within a higher Index 
medium has no phase shift at the boundary. The reflected beams recombine constructively or deslnictively 
depending on ther phase relationship. By constructing the optical fOter witii multiple thin layers, each having 

35 an optical ttiickness equal to a quarter wavelengtii of the incident light or an appropriate multiple thereof, the 
transmittance or the reflectance of the filter can be made high over a limited range about a central wavelength, 
and at certain fractional multiples of this wavelengtii, depending on ttte ratio of ttie high and low refinactive indi- 
ces and number of layers. 

Outeldetttese spectral zones the reflectance of the multi-layer combination changes abruptiy toa lowvalue. 

40 The range of reflected wavelengths can be extended by including additional layers of different quarter 
wavelengtii thickness, by varying the layer thicknesses, and by maximizing the ratio of refractive indices of suc- 
cessive layers used in the stack. When the filter is constructed of essentially non-absorbing optical materials, 
wavelengths of light not rejected by reflection are transmitted tiirough the filter, and conversely. Because of 
this behavior, one can constaict tiiin film optical filters having desired characteristics over a broad wavelengtii 

45 range, including but not limited to short and long wave pass edge filters, nan^ow and broad band pass filters, 
and notch filters for botii reflection and transmisston applications. 

Narrow band pass thin fDm filters are normally oonstmcted using one of two approaches. A first approach 
combines two edge filters whose transmissbn ranges or reflection ranges overlap spectrally over a very narrow 
wavelengtii band of Interest Sharp edged short wave and long wave pass quarter wave plate filter stacks are 

S) well suited for producing narrow transmission bands. Here, the phrase ''quarter wave plate** means an optically 
transparent material (with low absorption at ttie wavelength X of interest) having a multiplicative product of thick- 
ness h and refractive index n(X) ttiat satisfles hn(X} » x/4. 3 X/4, 5 xy4, etc The phrase "half wave plate^ refers 
to an optically transparent material for which hn(X) = XI2, 2}J2,Z X/2, eta 

A second approach combines two or more half wave plate spacer strata, each sandwiched between two 

35 high reflection (typically greater than 80%) multOayer stacks, to form an interferometer simSar to a Fabry-Perot 
hterferometer. L^ht reflected witiiln the spacer strata undergoes multifde beam interference. Transmisston (or 
reflection) of light incident on tiie filter becomes extremely high only over a nanrow band of wavelengtiis around 
ttiat for which a spacer stratum optical ttiickness Is an integer multiple of one half the wavelengtii of interest 
In soma instances, reflective metal layers, or combinations of thin film reflective coatings and metal reflectors, 
are substituted for the pure thin film high reflectance coatings described above. 
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In each of the above narrow pass band filterapproaches, the desired wavelength bandpass is accompanied 
by higher or fewer order fringes and side bands. These undesired bands must be suppressed by additional fO- 

5 taring, usually using combinations of broad band pass thin film fDters, absorptive filters or d*rfferent order Fa- 
bry-Perot type filters designed to spectrally overlap only at the desired narrow band pass zone. Nonnally, the 
combination of narrow band and broad band attenuation filters wID require the coating of one or both sides of 
one or more substrate plates. 

Many nrtaterials are suitable for thin film deposition of the light-transmitting layers and have low absorption 
10 within specific spectral regions. For the visible and near*lnfirared spectrum, some of the most common high 
index coating materials include germanium (refractive index n'=4.0}, silicon (n»3.2), zinc sulfite (n=2.35), 
titanium dioxide (n=2.2-2.4). zirconium dioxide {n^2L2), cerium oxide (n=2.2), zinc sulfide (n=Z12) and cad* 
mium oxide (n-Z06}. The most common low Index coating materials for the visible and near-infrared spectrum 
include magnesium fluoride (n=1.38). quartz (n=1.45), silicon dioxide (n=1.5) and aluminum oxide (n=1.62). 
IS Antimony trioxide and cryolite are typically used as coating materials suited for the 300-400 nm region of the 
ultraviolet Fertile mid- and ^-Infrared region, gennanlum (n=4.0) or lead telluride (n=5.5) are good high index 
materials, and zinc-sulfide (n=2.35) is a good low Index material. 

There are an unlimited number of combinations of quarter wave and half wave plate layers, and optical 
materials for producing filters of the varieties already described in treatises such as that of H.A. McLeod, Thin- 
20 Rim Optical Fflters. op. cit This reference is representative of the types and number of designs available in 
the art 

Continuously variable narrow band pass interference filters, of the type used for the present invention, can 
be made by varying the thickness of one or more coating layers in the filter stack along a given direction in a 
plane of the filter stack. In one embodiment, tiie filter is a wedge defined by two planar layers, so that tiie center 

25 wavelength of the narrow band pass fOter will vary approximately lineariy along the length or other selected 
direction of the filter. Each wedged or otiienvise variable thickness stratum can be fabricated by moving a mask 
across tiie substrate during vacuum deposition of the filter layer on the substrata. The moving mask blocks 
deposition over areas shadowed by the mask. The desired coating thickness gradient can thus be produced 
by controlling the ratio of the deposition rate and mask translation rate. 

30 Operation of the invention may be demonstrated with a simple metal reflector Fabry-Perot narrow band 

etaion. In tills instance, a half wave plate optical spacer stratum is positioned between two partially transmitting 
metallic reflector layers. The transmlttance T tiirough tiie filter at a given wavelength X is given by 

T = {1/(1+(4R/(1.R)2) (sin(2jt n hyX))2)), (1) 
where R is tiie reflection coefficient of a metal layer, and n(X) and h are the refractive index and thickness of 

25 the spacer stratum, respectively. For a given ttiickness h, the filter provides a series of transmlttance fringes 
having a bandwidth proportional to the transmlttance (a 1-R) of the metal layers. For a particular order 
(m-1,2,3,...} of transmission pass band, it is seen that the transmlttance will remain constant provided Uiat the 
ratio of h/X remains constant, assuming n(X) is approximately constant Stated another way, the thickness h 
of the half wave optic stratum changes along a given planar direction of the filter, the center wavelength Xo of 

40 each order of transmission pass band will change in direct proportion. 

F^. 4 shows the results of superposition of band pass regtons, centered at wavelengtiis 425 nmOt^xi), 
549 nm(x=X2) and 669 nm(x=^3), produced by three different filters, or at three different positions on a single 
variable wavelength filter, using a double cavity, witii the aid of the invention. The full widths at half maximum 
(FWHM) of these three bands are 7.1 nm, 9.2 nm and 1 UZ nm, respectively, illustrating the natural broadening 

45 that occurs in interference filters as a representative central wavelength increases. 

Fig. 5 shows tiie theoretical transmlttance of the second orderfringe of a twocavity Fabry-Perot filter having 
85% reflectance metallic layers and a glass spacer stratum (n=1.52) that varies linearly in physical thickness 
from about h=400 nm to about h^lOOO nm along its length. The third, fourth and fiftii order pass band trans- 
mittances peak at X - 733 nm, X = 550 nm and X » 440 nm wavelengtiis at tiie position of the fater where ttie 

so half wave physical thickness is h=81 2 nm, 609 nm and 487 nm, respectively. The solid line transmlttance curve 
and broken line transmlttance curve correspond, respectively, to values of the coordinate x^Xi^ O.SL and x 
= X2 = 0.7L at the observation point, where L is the lengtti of tiie filter. Intemnediate peaks occur at Intermediate 
wavelength positions between the two ends of tiie filter. 

As mentioned before, a spectrally broad, high reflectance tiiin film stack can be substituted for the above 

6 metallic layers. The technique can be applied to a layeror layers of any of tiie above thin film fiter types, includ- 
ing broad band pass filters, short wave pass edge filters, long wave pass edge filters, and narrow band pass 
filters, in transmission mode or reflection mode. Usually, a combination of filter types will be required to provide 
a single narrow band pass witii side band orfiinge blocking. Variable thickness layers are preferred in tiie side 
band blocking layers as well as in tiie narrow band pass layers so that in-band filtering and out-of-band filtering 
complement one another along the variable wavelength directbn of the filter. However, tiie side band blocking 
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filter may use a fixed pass band in some situations. Often more than one substrate wID be required to accom- 
modate all fnter layers, and the substrates wOl need to be properly aligned. 

If one ignores the variation of the separation distance h2(x) with x and concentrates on a light beam incident 
on the spacer stratum 28 from above in Fig. 3, the nomnalized intensity reflection coefRcient Ir and the nor- 
malced intensi^ transmission coefficient It for the spacer stratum 28 alone become, respectivelyt 



4 R sin^(ff/2) 
(1-R)2 + 4 R sin2(5/2) , 



Ir = ^ (2) 



It = — —2 (3) 

(1-R)^ + 4 R sin^(^/2). 



P^4n n2h2(x) cos e/X, (4) 

20 where n^X) Is ^e refractive index of the spacer stratum 28, e is the incidence angle of the light beam, R is the 
reflection coefRcientfor the interface between the stratum 28 and the ambient medium. Absorption in the spacer 
stratum 28 Is ignored. This configuration produces a sequence of band pass regions separated by wavelength 
free spectral ranges of AX = 2nh2(x)cos0/m {m=1 ,2,3,...) that depend upon R and fringe order m. These results 
are found in M. Bom and E. Wolf, Principles of Optics. Perganrx>n Press, Fifth Ed., 1975, pp. 323-329, incor- 

25 porated herein by reference. Inclusion of the effects of absorption in these equations would produce a small 
quantitative change In the results. For R < 1 and 0 = 0, the intensi^ transmission coefficient It is maximized 
by the choice sin p/2 = 0 or 

h2(x) = m(V2n2) {m=1 .2,3...) ; (5) 
for l^ht of w^elertgth X^7^. The intensity reflection coefficient ^ is maximized by the choice sin p/2 ^ ±\ or 
30 h2(x) = (m-1/2)(Vn2) (m=1.2....). (6) 

Dffferent wavdengths are emphasized for the transmission and for the reflection situations, for fixed wavelength 
and tfiidoiess h^x). These relations are true only for a single stratum. For mtdti-layer thin fflnns, other consid- 
erations apply. 

The apparatus 24 shown in Fig. 3 is not, strictly speaking, a Fabry-Perot etalon because the reflecting pla- 

35 nar surfaces or layers 26 and 27 are not quite parallel. Gosely spaced groups of rays from the incident light 
beam wfll pass through substantially Identical thicknesses h2 of the spacer stratum 28 and will not rapidly "walk 
ofT the etalon because of the small angle AO between the planes of the reflecting surfaces 26 and 27. 

Two ctoseiy spaced groups of rays that are separated by a distance Ax In the selected direction of the order 
of IQiim or more may pass through substantially different thicknesses h2(x} of the spacer stratum 28 and thus 

40 may manifest different Interference effects. Thus, the portion 30 of the light beam 25 transmitted through the 
filter 24 in Rg. 3 at two positions x = xi (unbroken lines in Fig. 5) and x - X2 (dotted lines in Ftg. 5) may exhibit 
peaks of transmitted Intensify 1(1 ;x} at different sets of wavelengths, as Illustrated in Fig. 5. 

Alternatively, rf one fixes the incident light beam wavelength X and observes the transmitted intensity l(X ;x) 
as a functton of position x along the filter, a graph of this intensity will show a sequence of wed separated peaks 

45 and Intervening valleys. The set of wavelengths for which maxima of transmitted Intensity l(X ;x) occur will shift 
approx&nately continuously, and the magnitudes of these maxima will change approximately continuously, as 
one varies the position x of observation of the transmitted portion 30 of the beam shown in Rg. 3. Thus, one 
has in hand a technique for controllably and continuously shifting the peak wavelengths, which technique can 
be used In epectrophotometric, colorimetric and other applicatk)ns. 

80 An optical system such as the light filter embodiment 24 shown in Rg. 3 promotes or enhances the intensity 
of light issuing at a selected fundamental wavelength X^Xoof order m=1 and at other fringe wavelengths X = 
%Jm (m an integer ^ 2). If a higher order filnge is used for the central wavelength = XJm with m ^ 2), the 
rise and fiafl with respect to wavelength of that fringe signal will be sharper than tiie connesponding rise and fall 
fbr the fundamental (m=1), but the center-to-center wavelength difference AX of adjacent and undesirable 

55 fringes wii be reduced. If, now, a broad band light fSter is also provided for which a representative central 
wavelength is X^ = Xofm^^ f cm- the first or second order {m^ = 1 or 2), the attenuation witfi respect to wavelength 
will be less sharp but the flinge or side band wavelengths X = Vnibb ^ ^) wOl be spaced apart much further 
and their presence may t>e ignored here. Thus, the serial combination of a narrow band pass light filter operating 
at a central wavelength Xc - (m 3 2) and a broad band light filter operating at a central wavelengtii Xt«^ 
= XJnitib with nifab - 1 or 2, will produce a single, sharply attenuated, narrow band filter in which the controlling 
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or centra! wavelength Xc may be caused to vary by the approaches discussed above. 

Preferably, a light filter according to the invention will be provided with both a narrow band ^terand a bixiad 
5 band fDter. The broad band pass filter nnay have a fixed broad band pass or may have a variable broad band 
pass with a central wavelength that is the same as, and changes with, the central wavelength X^irf the narrow 
band pass filter. 

The invention may also be operated in the reflection mode, as illustrated in F^. 6 fbra simple etalon with 
quarter wave plate spacing between the reflective surfaces. If the amplitude reflection coefficient R of the first 

io reflecting surface is low An incident light beam 32 approaches a first reflecting surface 33 of a modified 

etalon 31 at an inckience angle 0. The etalon 31 has a thickness h^Cx), measured between two reflecting sur- 
faces 33 and 34 of the device, ttiat varies with a coordinate x measured along some direction lying in the light- 
receiving surface 33. The incident light beam 32 is partly reflected at the surface 33, producing one of the 
reflected rays 36 in an anray 35 of such rays, and is partly transmitted at a refraction angle 02 into the etalon 

IS spacer material 36 in a well known manner. The refracted light beam 37 is partly reflected at the second ref- 
lecting surfiace 34 of the etalon 31, produdng a reflected light beam 38 that propagates back toward the first 
reflecting surface 33. The remainder of the refracted light beam 37 is transmitted and emerges as another light 
beam 39 that is treated here as a rejected light beam. High reflection at the surfaces 33 and 34 can be sup- 
pressed, except for a narrow, sharply peaked wavelength pass band, by use of an appropriate anti-reflection 

20 coating at the surfaces. These coatings are discussed by HA. McLeod, Thin-Film Qpticai Rteis, op.cit, pp. 
71-136. 

The reflectied light beam component 38 returns toward the first surface 33 and produces a second contri- 
bution to the anray 35 of reflected light beams in a well known manner. The array 35 of approximately parallel, 
reflected light beams serves as a modified light source, with certain wavelengths accentuated or pronrK)ted, for 
25 subsequent sv^piications or analysis. For the reflection mode, Eq. (2) above is operative, and the wavelengths 
that are accentuated are determined by 

sin (p/2) = sin [2k n2h2(x) sec 02 cos Bi/X^ = ±1, (7) 
h2(x) = (nr)-1 /2) X^cos ©2 sec 0i/n2 (m=1 ,2,-). (8) 
If the etalon thickness hzi?0 at a position x increases monotonically as x increases, for examine, the central 
30 wavelengths Xc that are accentuated at a position x will vary with x according to Eq. (8), and a dispersion of 
wavelengths is obtained from the device. 

in another embodiment 40 for the reflection mode, illustrated in Fig. 7A, an incident light beam 41-1 is ref- 
lected as a once-reflected beam 41-2 fipom a first reflecting surface and light filter 42. The once-reflected beam 
41-2 is reflected as a twice-reflected beam 41-3 from a second reflecting surface and light fat^43, and the 
35 twice-reflected beam 41-3 is intercepted by a photosensor anay 44 (optional) with another light filter (opttonal) 
positioned adjacent to the array 44. One or more l(ght filters may be positioned at each of the reflecting surfaces 
42 and 43 and at the photosensor anray 44. If no more than one such light filter is needed, the second light 
reflecting surface 43 may be deleted in the optical path. Three or more such reflecting surfaces may also be 
used, with a wavelength-tafloring filter on each such surface. 
40 Fig. 7B illustratBS another configuration that utilizes only the reflection mode. An optical prtem 45, having 

a plurality of three or more planar surfaces and formed as a polygon, receives an incident light beam at a fbst 
face 46-1, whteh is prsferably coated with an anti-reflection coating in order to transmit nK)st of the light into 
the interior of the prism. The face 46-1 may also have a first wavelength filter 47-1 , nanrow band or broad band 
and constructed according to the invention, positioned on Its surface. The light beam is refracted within the prism 
45 45 and is reflected by Intemal reflection at a second prism face 46-2 at which a second nanrow band or broad 
band wavelength filter 47-2. The reflected light beam then proceeds to a third face 46-3 of the prtem where it 
may encounter a photosensor anray 48 (optional) positioned thereon. Alternatively, the third prism face 46^ 
may have a third wavelength filter (not shown in Fig. 7B) positioned thereon ; or the face 46-3 may have an 
anti-refiection coating thereon to allow most or all of the light beam energy to pass out of the prism 45. Prefer- 
so ably, the light beam should approach the last face 46-3 of the prism encountered at approxbnately nonrnal inci- 
dence. 

Fora high finesse system, where the finesse F = tc Ri^(1-R) » 1 , the intensity reflection coefficient Ir wOl 
generally be dose to 1 except adjacent to wavelengths for which sin p/2 » 0, where 1^= 0 and the si^cer thick- 
ness h2(x) and the light wavelength X« are related by Eq. (5). Where the reflection mode is used, thern it may 
55 be preferable to use a combination of a high pass edge filter and a low pass edge filter to provMe an intensity 
reflection ct^fFlcient Ir that is sharply peaked at a sequence of wavelengths (for fixed spacer stratum thickness) 
or at a sequence of spacer stratum thicknesses (for constent wavelength), as discussed in connection with Figs. 
8A,8B. 8C and 8D. 

The modified etelons shown in Rgs. 3, 6 and 7 may be replaced by compound edge filters to produce a 
nanrow band of reflected (or transmitted) wavelengths, as illustrated in Figs. 8A and 8C, or a narrow band of 
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reflected (or transmitted) wavelengths, as illustrated in Figs. SB and 8C. In Fig. 8A, the variation of light wave 
tansmissbn Thp(X) tiirough a h^h pass edge filter and transmission Tlp(X) through a low pass edge filter are 

s each shown as a function of wavelength X. The low pass transmission filter has a "knee^ wavelength X « X^i, 
for which X S Xi insures thatTtp(X) is near its maximum value ; and for X > Xoi and increasing, Tip(X) falls rapidly 
to approximately zero. The high pass transmission filter has a knee wavelength X = X^, for whteh X ^ Xq2 insures 
that Tkp(X) is near its maxfanum value ; and for X < X«2 and decreasing, Thp^) falls rapidly to approximately 
zero, as illustrated in Fig. 8A. if the low pass and high pass transmission filters are chosen so that Xqi ^ Xe2> 

10 the serial comblnatton of these two filters will provide a composite transmisston filter with an issuance l(X} (here, 
is^ance refers to transmittance) that has a sharply peaked, narrow pass band at a central wavelength ^ 
Xqi Xo2« ds illustrated In Fig. 8C. 

In Fig. 8B, the variation of light wave reflectance Rt(X) from a low end band pass edge filter and reflectance 
RhO^) from a high end band pass edge fHter are each shown as a functton of X. The low end reflection filter has 

15 a knee wavelength X = Xo3> for which X ^ Xos insures that R|.(X) is near Its maximum value ; and for X > X^s and 
increasing Rt(X) falls rapidly to approximately zero, as shown in Fig. 8B. The high end reflection filter has a 
knee wavelength at X » for which X ^ Xo4 insures that Rh(X) is near its maximum value ; and for X < ^ 
and decreasing Rh(X} falls rapidly to approximately zero, as Blustrated in Fig. 88. if the low end and high end 
reflection filters are chosen so that Xd3 s Xd4, the serial combination of these two filters wOl provide a composite 

20 reflection fOter with an issuance i(X) (here, Issuance refers to reflectance) that has a shaiply peaked, nanrow 
pass band at a central wavelength Xe ^ Xqs = Xo4i as Illustrated in Fig. 8C, 

In Rg. 8D, the two knee wavelengths X^t and X^a from fig. 8A are spaced further apart, and the result is a 
troad band pass filter as shown. 

In each of the other embodiments discussed below, although the transmission mode of operation is dis- 
ss cussed the invention ms^ also be operated In the refiec^n mode, by analogy to Figs. 8, 7 and 8A, B, C and 
the above discussions thereof. 

With reference to Fig. 9, if a light beam 53 Is passed senaliy through a high pass edge filter 55 and through 
a low pass edge filter 57, both variable wavelength, In either order, in the embodiment 51 , and if the two edge 
filter knee wavelengths are related as discussed in connection with Figs. 8A and 8B, the desired light beam 

30 59T (transmitted mode) or 59R (reflected mode) that emerges from the edge filter combination wBI have a band 
of wavelengUis centered approximately at a wavelength Xc(x) that varies monotonicaily with the coordinate x. 
For fixed position x, the reflected intensi^ of tiie beam 59R (or transmitted intensity of the beam 59T) issuing 
lirom the combination of ^ro edge filters shown in Fig. 9 will resemble the Intensity shown in Rg. 5. 

in anotiier emtxxJanent, an incident light beam may be directed to a broad band pass filter, constructed 

35 with variable central wavelengtii X^ according to any of Figs. 3, 6, 7 or 9 or with a fixed broad pass band, and 
the resulting transmitted or reflected light beam may then be directed to a narrow band wavelength filter witti 
variable central wavelength Xo that is also constructed in accordance with one of these Figures. The serial 
arrangement of the broad band pass filter and narrow band pass filter, in either order, would be slmOar to the 
serial arrangement of two edge filters shown in Fig. 9. The broad band pass wavelength filter will remove 

40 wavelengths from all nearby pass bands firom the incident light beam except tiie desired central band 
wavelengths so that no filnges appear in the light beam tiiat issues from the combined filters. 

Fig. 10 illustrates another embodiment 61 of the invention, which includes a spacer stratum 63, a reflecting 
surface, arranged in a staircase configuration and consisting of a sequence of planar staircase segment sur- 
faces 65-1, 65-2, 65-3, 65-4 and 65-5, and a staircased spacer stratum 64. Each staircase segment surface 

45 65-q Is planar and is spaced apart from and approximately parallel to the plane of the first reflecting surface 
62 of stratum 63, vtdth a distance of separation h(x) between a nearest reflecting surface of the stratum 63 and 
a staircase surface 65-q that is constant for a small range of the coordinate x and is increasing monotonicaily 
witii the spatial coordinate x measured In a selected direction in a light-receiving plane of the stratum 63. Each 
staircase segment 65-q optkmally has a fBter layer 67-q (q^^l ,2,3,4,5) deposited on or adjacent to the front or 

so back reflecting surface of the staircase segment The spacer stratum 64 behaves as a nanrow band pass i^ht 
filter with variable spacer layer ttiickness h(x). The stratum 63 serves as a wide band pass filter whose thickness 
may be constant or may be ntonotonically increasing witii x. In another embodiment, the stratum 63 may serve 
as a nanrow band pass fBter and the spacer stratum 64 may serve as a broad band pass fSter, with each staircase 
segment 65-q defining a different broad pass band for the device 72. 

55 An incMent light beam 69 is partiy transmitted through tiie strahim 63 and through the sta^sed spacer 
stratum 64 and emerges as a transmitted light beam 71 -q (q»2, 4 and 5 are shown in Fig. 10) that exhibits inter- 
fdrence effects similar to tiiose discussed above In connection with Rgs. 3 and 5. The interference effects vary 
by small increments firom one stalroase segment to the next ; but witiiln a given staircase segment the system 
behaves as a variable wavelength filter slmHar to that of Rg. 3. The strata 63 and 64 may be contiguous or 
may be spaced apart fiom one another. 
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In an alternative embodlnrtent 72, shown in Rg. 1 1, a first spacer stratum 73 has a first reflecting surface 
74 that Is approximately planar and has a second reflecting surface 75 that Is fonnned in a staircase configuiafion 

5 with a nK)notonlcally increasing distance of separation hi(x} between the surfaces 74 and 75. A second spacm* 
stratum 76 has a second staircase configuration surface 77 as a first reflecting surface and has a third staircase 
configuration surface 78 as a second reflecting surface, with the distance of separation h^Hx) between the two 
surfaces 77 and 78 being mtbnotonically increasing in x. One of the two spacer strata 73 and 76 serves as a 
narrow band pass filter, and the other stratum serves as a wide band pass filter. An Incident light beam 78 pas- 

10 ses through both spacer sfaraia 73 and 76 and issues from the embodiment 72 as a sequence of light beamtets 
79, each with a narrow wavelength range. The spacer strata 73 and 76 may be contiguous or may be spaced 
apart from one another. 

A "staircase conf^gu^atIon^ as used herein, will refer to a configuration simOar to that Olustrated In Fig. 10. 
where a sequence of two or more planar reflecting segments is arranged so that each segnnent is approximately 

IS parallel to a given plane (for example, a plane of the strata 63 in Fig. 10), and the distance of separation of ttie 
sequence of staircase segments from the given plane Increases monotonlcally as one proceeds oonsecuth/ely 
from one segment to the next The spacer strata 76 in Fg. 11 has two reflecting surfaces 77 and 78, each of 
which is formed in a staircase configuration. 

Normally, a tradeoff must be made between narrowness of the wavelength pass band and transmisston. 

20 McLeod, in his treatise Thin-Film Optical Filters, op. cit, pp. 270-276, discusses the use of a muItNayer thin 
film lightfilter to produce a veiy narrow, approximately rectangularly shaped optical transmission band with ade* 
quate transmission. Fig. 12A niustrates construcfion of one embodiment of a double half wave (°DFW) thbi 
film filter that will provide such a band. For a fixed wavelength Xf, a plurality of optically transparent layers of 
alternating high (H) and low (L) refractive indices nn and n^ respectively, are positioned contiguously as shown. 

25 High index layers (H) 101, 103, 106, 107, 109, 111, 113 and 115 are each quarterwave plates for the high 
index nH. Low index layers (L) 102, 106, 108, 1 10 and 1 14 are each quarter wave plates for the low index n^ 
Low Index layers 104 and 112 are each half wave plates and thus function as Fabry-Perot etalons. Each cS 
these two etalons 104 and 112 has substantially 0 percent reflectance and 100 percent transmlttance atttie 
center wavelength X =s Xf. However, the reflectance quiddy rises toward 1 00 percent on either side of the valley 

30 at wavelength X s x^ In a mullMayer thin film embodiment of the invention, the two half wave plate layers such 
as 104 and 112 would each have a thickness that varies monotonically along a selected direction in a plane 
of the film. The computed transmlttance of tiie thin film configuration shown in Fig. 1 3A, for the choices of ref- 
ractive indices nn » 2.40 (UO^i and nL » 1.45 (quartz), is shown in Fig. 16 (similar to Fig. 7.14 of McLeod, op. 
cit) as a function of the wavelength ratio g - X^fX {X variable). The computed transmlttance has a moderate 

35 width peak with a steeply rising or steeply lulling cun^e at 1 1 • X^ I » 0.05 and some side band stnjctume for X 
>2Xf, Fig. 13B illustrates the computed transmlttance of a configuration similar to that of Rg. 12 in which the 
two half wave plate layers are of high refractive index material rather than low refractive index material, another 
suitable embodiment of the invention. 

One embodiment of the invention uses a first multilayer film filter stack with approximately constant re^ 

40 lectance over the wavelength band of interest and a second multilayer thin film filter steck In which the reflect- 
ance increases rapidly from a very low value in a nanrow wavelength band (positioned at a central wavelength 
Xt;) to a much higher reflectance value just outside this narrow band. The wavelength X« is detenmined by a 
thickness h2 of a layer in the second film stack, and the thickness ha is caused to increase monotonically with 
increase of a spatial coordinate x in a selected direction in the light-receiving plane of the filter. Serial combi- 

45 nation of the first and second thin film filter stacks produces a very narrow band filter, centered at a wavelength 
Xc that varies monotonically with position x in the selected direction. These two filter stacks are serially combined 
with a wide band pass filter (not shown in Rg. 12) that is transmitting at wavelength X = in order to remove 
any undesirable side band structure and produce a single namow band pass filter with a central wavelength Xq 
that Increases monotonically with change in position in a selected direction in a light-receiving plane of theflter. 

so With reference to Figs. 12A and 12B, the quarter wave plates 1 01 , 1 02, 1 03 serve as a fast reflector 121 ; 
the plates 105, 106 and 107 serve as a second reflector 123 ; the plates 109, 110 and 111 serve as a third 
reflector 125 ; the plates 113, 114 and 115 serve as a fourth reflector ; the double thickness plates 104 and 
112 serve as half wave plates ; and the plate 108 serves as an optical coupler In the embodiment 1^ shown 
in Rg. 12B. The optical coupler is optional and may be deleted here. The combination of the reflectors 121 and 

ss 123 and the half wave plate 122 as shown in Fig. 12B provides a special reflector whose light reflectance R 
as a func^on of wavelength X is fllustrated in Rg. 14. The reflectance has a high value, near 1.0, over most of 
the range of the wavelength X , except for a narrow wavelength interval centered at n = Xf^ where the reflectance 
drops sharply to a lower value Ro. The special reflector consisting of the elements 121, 122 and 123 in Rg. 
1 28, may be used by itself or may be concatenated with other, similar special reflectors, with or without op^aT 
couplers 124 inter^sed. to provkle a nairow, sharply peaked transmlttance T (» 1-R) at the selected 
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wavelength X^Xf. 

A multi-layer thin film filter that produces the desir^ narrow, sharp peaks in reflectance or t^smittence 

$ is not limited to the configuraton shown in Fig. 12A. The half wave plates 104 and 112 n^ay consist of high 
fefradive index material, er the positions of tiie high and low index materials may be exchanged, or both of 
these changes may be made. Further, each of the four groups of quarter wave plates (101, 102, 103), (106, 
108, 107), (109, 110. 111) and (113, 114, 115) shown in Rg. 12A may each be replaced by an odd number 
(1,3,5,7,9,...) of quarter wave plates of alternating refractive index (high/low) material. An example of this Is 

10 shown in Rg. 15, in which four quarter wave plates 131, 133, 135 and 137 of low index serve as reflectors, two 
double thickness plates 132 and 136 of high Index serve as half wave plates, and a quarter wave plate 134 of 
high index serves as an optical coupler, analogous to the arrangement shown in Fig. 12B. 

Reduced to its minimum, a multi-layer thin film filter, of the type shown in Figs. 12A, 12B or 15. that produces 
a narrow, sharp peak in transmittance or reflectance requires Ni ( ^) quarter wave plates of high (or low) ref- 

15 ractive index alternating with Nr1 (or Ni-2) wave plates of low (or high) refractive index, where Ni-3 of these 
latter Ni-1 plates are quarter wave plates and the remaining two of these plates are half wave plates, in anotiier 
embodiment, represented by the wave plates 131, 132 ami 133 in Rg. 15, a suitable multilayer thin film filter 
requires N2 ( S2) quarter wave plates of high (or low) refractive Index alternating with N2-I plates of low (or 
high) refractive index, where one of these Nrl plates of low (or high) index is a half wave plate and tiie remaining 

20 Nr2 such plates are quarter wave plates. In either of these configurations, each half wave plate has variable 
thk:kness. 

Thin film optical layers are most commonly manufiactured by vacuum deposition, in this process, each thin 
film is condensed firom the vapor phase onto the substrate in a vacuum chamber. The substrate is held at a 
temperature somewhat below the solkiification temperature of tiie film. A variety of techniques are used to 
2S vaporize the fSm n^terial. These include ton bombardment (sputtering), tiiemial evaporation, electron beam 
bombardment and other techniques. 

The non-constant separation distance h(x) of two substrates, two surfaces of a single substrate, ortwosur- 
feces of a single fitter layer, should preferably vary continuously, with the exception of the staircase configu*- 
ration shown in Figs. 10 and 1 1 . The shape function h(x) may vary lineariy witti x or may vary non-Ilneariy witti 
30 X, for example as a«B*bxt( witii k<1,k=1ork>1,as illustrated in tiie curves 141, 143 and 145, respectively, 
in F^. 16. 

For k^, a sequence of uniform width wavelength intervals will correspond to uniform widths on the variable 
wavelength filter. For k > 1, these wavelength intervals will have greater widtii at the low wavelength end than 
at the high wavelength end of the fDter. This configuration would be useful where the light is to be dispersed 

35 more broadly at the low wavelength end and wQI cause tiie filter to transmit a smaller amount of light per unit 
length at the low wavelengtii end of the filter, as compared to tiie high wavelength end. For k < 1 the conditions 
are reversed, and the filter disperses light less at the low wavelength end. This configuration is useful if, as 
usually occurs, the photosensors used have reduced sensitivity to light at lower wavelength (for example, at X 
f9 400 nm) so that more light reception is needed for each photosensor at the low wavelength end. Alternatively, 

40 tile photosensors may have non-unifonm widtiis, with greater widths at the low wavelength end tiian at the high 
wavelengtii end. The separation distance h(x) is not limited to functions of the form a + bx^ Exponential, 
trigonometric, logarithmic and other similar shape functions h(x) may also be used here. 

Fig. 17 illustrates the use of the wavelength filter in spectrophotometer apparatus 151 that can be contained 
on a single semiconductor chip if desired. A spectrophotometer filter 153, fabricated in accordance with any of 

45 tiie embodiments discussed herein, is positioned so that it overiies and Is adjacent to a linear array 155 of photo- 
sensor elements extending in the selected direction. Each photosensor element has a finite widtii w that may 
be of the order of 50 (un or less so that tiie linear array 155 of photosensor elements has a finite number of 
such elements present Each of fliese photosensor elements receives a transmitted (or reflected) portion of an 
incident light beam 157 that issues from the filter 153 for a small interval Xo-w/Z ^ x ^ xb-^/2 of the spatial 

so coordinate x, where xq is the central value of x in this interval. The wavelengtii increment per photosensor ele- 
ment is as ^nall as AX^ = 1 nm (nanometer) or as large as one wishes in one embodiment of this inventton. 
Thus, the result of the interference effects will differ from one photosensor element to an adjacent element, 
and the wave!ength(s) corresponding to a peak of transmitted intensity will also vary firom one photosensor ele~ 
mant to the next Used in this manner, the linear array 155 of photosensor elements w3l distinguish between 

55 wavelengths on tiie basis of different peak wavelengths tt^t are present in the narrow wavelength inten/al or 
portion of ttie light beam received by each photosensor element 

Photosensors suitable forthe presentinvention are well known in tiie art and readily available commercially. 
The devices are offered in single and two dimensional anrays over a variety of photoelen^nt aperture sizes, 
spectral sensitivify ranges, signal transfer techniques and package configurations. The linear, area and circular 
silicon photodtode arrays produced by EG&G Retioon Corp., Sunnyvale, Califomia are representative devices 
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forapplications operating over the near ultraviolet to near infrared spectral range. These devices have relatively 
targe photoelement areas, e.g. 50 microns by 100-2500 microns and are well suited for spectroscopic appli* 

5 cations. T^ical commercial anray sizes are 128 to 2048 elements In a linear array, 258 by 258 element to 64 
by 2048 elements In an area anray, and 64 to 720 elments in drcular arrays. The photoelements are typically 
processed on a ceranuc substrate and housed In a standard dual In-line package that is pin compatible with 
integrated circuit sockets. Photoelements made of different materials can be used to extend photosensitivity 
to, or to alter photosensitivity In, other spectral ranges. For example, HgCdTe and InSb are often used in inlirared 

10 sensors. Suitable photosensor materials for differing spectral ranges are well known and are discussed in LR. 
i^asten, " Understanding Optronics" . Texas Instruments teaming Center, 1981, Chaps. 3, 4 and 7. 

In a simple construction of the spectrophotometer, the filter substrate or a set of fOter substrates is mounted 
to the surface of the photoelement package. To minimize the spacing between the photoelenwnt array and the 
filter, the filter and sensor may be coupled optically through a fiber face plate. Sensors prefabricated with fiber 

IS face plates are offered commercially by EG&G Reticon. op. cit The fiber face plate and minlmoed spacing 
reduce the posstbilify of bandpass broadening wtth high numeric aperture light incidence: 

The projection of light on the photosensor face may be fecilitated by use of a lens or lenses located on the 
objector image side of thefilter substrate orsubstrates. For example, a projection iens can be mounted between 
tiie filter and sensor so that the fDter and sensor are separated by some distance as shown in Fig. 22B, dis- 

20 cussed below. In this contlguration, the active dimensbn of the filter becomes related to the active dimension 
of the sensor through the magnification of tiie lens. In this manner, a relatively small dimension filter can be 
projected to a relatively large dimension sensor for increased resolution. Alternatively, a large dimen^n filt^ 
can be projected to a smaO dimension sensor fa* Increased light sensitivity or econorny. 

Fig. 18 illustrates an embodiment 159 that includes two or more filtere 1 54A and 1546 to each receive and 

25 transmit a portion of a light beam 157, witti each such filter having a non-overlapping or partially ovariapping 
wavelength interval for whteh that filter Is effective, and one or more photosensor arrays 155. This allows a 
single spectrophotometer to cover an increased wavelength range of any reasonable size witii a single Instru- 
ment, including tiie visible region and portions of the ultraviolet and infrared regions if desired. Fig. 1 9 illustrates 
tiie partial overiap of two wavelengtti intervals, denoted AX 154A and AX 154B, fortiie two adjacentfntera 154A 

30 and 154B In Rg. 1 8, tiie first filter being effective for the coordinate range ^ 3^ X2 and tiie second filter being 
effective for the coordinate range X3 S x ^ X4 where Xi < X2 < X3 < X4. 

Fig. 18 illustrates the use of two or more light filters and photosensor arrays in an end-to-end configuration 
159. An anray of light filters 93 and an anray of photosensors 165 can also be combined In a side*by-slde con- 
figuration or in a two-dimensional array and embodiment 1 61 as shown In Fig. 20. In the two-dimensional array 

35 shown In Rg. 20, a central wavelength Xc(x,y) could vary continuously and monotonlcally with the coordinate 
X and could vary monotonlcally, eltiier continuously or by discrete amounts, with the coordinate y, measured 
In a direction perpendicular to the x direction. 

F^s. 21 A, 21 B and 21 C iliusbate three embodiments that allow a filter 1 66 and a sensor 167 to reside on 
a common substrate 168. Several sensor processes allow deposition of photosensitive material and driving dr- 

40 cults on glass substrates. One such process Is described by Shinji Morozumi, et al.. In ''Completely Integrated 
a-Si :H Linear Image Sensor witii Pdy Si T.F.T Drivere", Extended Abstracts of the 16tii (1984 International) 
Conference on Solid State Devices and Materials, Kobe, 1984, pp. 559-562. The sensor Is constructed by 
depositing poly-silicon thin film transistor switches and amorphous silicon diodes on glass. Photodiode anray 
sensore on glass substrates are offered conunercially by Ovonic Imaging Systems, Troy, Michigan, Suwa 

45 Seikosha Co., Ltd., Japan, and others. The ability to deposit both filter and sensor on silicon dioxide (quartz or 
glass), and further, the ability for one of tiie multi-component layers of the filter to be silicon dioxide, allows the 
filter and sensor to share a common substrate, sharing opposite sides of tiie substrate, or deposited, one over 
the other, on a common side of the substrate. 

in the embodiment of Fig. 21C, a broad band pass filter 169 is positioned on another llght-recehring surface 

so of tiie substrate 168. Alternatively, a broad band pass filter material nrtay be incorporated witii the substrate 
168 so that no additional stratum or layer is required, as suggested in Figs. 21 A and 21 B. In this instence the 
substrate may be a ''colored glass" tt)at transmite light wavelengths only within a pass band of modest widtti. 
For example, colored glass of Schott glass type UG1 and UG1 1 is available from Melles Griot that transmits 
only In the wavelength bands 275 nm < X < 405 nm and X > 680 nm (for UG1) and 240 nm < X < 395 nm and 

as 660 nm < X < 800 nm (for UG1 1). 

Preferably, the filter shown In any of Figs. 3. 6-11, 12, 16, 17 and 20 Indudes : (1) a broad band pass filter 
that attenuates any light of wavelength lying outelde a sharply defined pass band Induding a central wavelength 
X s Ac and (2) a narrow band pass fBter that has a central wavelength X^7^ lying in the narrow pass band, wtth 
any other multiples or side bands of this wavelengtii for which tiie narrow pass band filter is transmitting being 
heavQy attenuated by the broad band pass filter. The narrow band pass filter and. optionally, the broad band 
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pass filter, wilt have central wavelengths X = K that vary with position x along the filter. 

Fig. 22A illustrates one suitable anrangement of light source and optics to practice the invention. A l^ht 

5 source 161 produces a light beam that passes through a lens 163 or otherfocusing optics and is directed toward 
a variable wavelength filter system 165, constructed according to the invention. The filter system 165 may 
include a narrow band filter or a combination of narrow band and broad band filters as discussed herein. The 
inddent light beam is then filtered by the variable wavelength filter 165 and is received by a photosensor anay 
167, which may be one-dimensional or two-dimensional. Optionally, a light difTuser or concentrator or 

10 rearranger 164 may be induded adjacent to the lens or focusing optics 1 61 , in order to cause the light received 
at the filter 165 (1) to be more uniform across the filter, (2) to be more concentrated in one region of the filter 
such as at the low-wavelength-pass end, or (3) to be rearranged in some other suitable manner. Fig. 22B illus- 
trates an alternate anrangement of light source and optics In which the lens 163 is positioned between the 
variable wavelength filter system 1 65 and the photosensor anray 1 67. In the embodiment of Rg. 22A. the filter 

IS system 165 and photosensor array 167 may be contiguous to one another or may be spaced apart firom me 
another. 

Theone-dimensiondl photosensor arrays shown in Figs. 17 and 18 are linear arrays. A photosensor airey 
may also be arranged as a circular or other curvilinear array as illustrated in Fig. 23. In Fig. 23, a narrow band 
pass variable wavelength filter 170A and, opUonally, a broad band pass filter 170B, ananged in a circular or 

20 other curvilinear configurationt receives and filters an incident light beam, and the wavelength-filtered beam is 
then received by a photosensor an^y 1 71 , also arranged in a circular or other cur>dlinear configuration. A two- 
dimensional circular or curvilinear photosensor anray, analogous to the rectangular anray shown in Fig. 20, may 
also be used here. The area or a linear dimension of each of the photosensors may be non-unifonm here. 
If the variable wavelength filter and/or the photosensor array are curvBlneariy shaped, it may be necessary 

25 to provide photosensors with non-unifonm widths in order to provide approximately equal width wavelength 
intervals for each photosensor. 

The combination of filter an^y and photosensor an^y can be provided on a single chip that is rugged and 
leltable and has relathreiy low cost. Two adjacent photosensor elements in a photosensor array could be pro- 
vided with light beams having central wavelengths Xc that differ by as little as one nanometer. 

do Consider two Fabiy-Perot etalons similar to the etalon in F^. 1 . each with a pair of parallel refiecting sur- 
faces, positioned to serially recede and transmit an incident light beam. McLeod, Thin-ram Optical Rlters 
•op.clt, pages 158-160, in his treatise shows that the transmittance T| for each of these etalons is given by 

Ti(max) 

^ Ti = 5 (9) 

1 + Fj^sin^ 5^ 

5i = 2iin|hiC0S 6t/X, (10) 

40 where F|, n|, h| and 6i are the finesse, refractive index, reflector spacing and incidence angle for etalon no. I 
0-1 ,2). Etalon no. i has maximum transmission when 5| ^ M|7i, where Mi is a positive integer. If each of the two 
etalons has maximum transmittance for the same particular wavelength Xm. this requires that 

23rnj^hj^cos 

«i - :r = MiT (i=l,2). (11) 

If these two etalons represent a composite narrow pass band filter and a broad band pass filter, ideally the two 
50 filters would have a coincident maximum only for the single wavelength X - Xm. In fact, the two etalons have a 
sequence of coinddence wavelengths for which the transmittance is a maximum for both etalons, namely 

= (k«l,2,3,-*0. (12) 

k/(Mi,M2) k 



where {MufA^ is the greatest common Integer divisor of the integers Mi and M2. For example, (2,3)-1 and 
(30,42)=:6. From £q. (12) it is dear that, in order to position the coinddence wavelength X^C^eXiyi) nearest to Xm 
for which T| and T^ are both maximal, as far as possible from Xm, the integers Mi and M2 should be chosen to 
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be relatively prime to one another so that (Mi ,M2)==1 . For example, (Mi,M2}=1 if Mi (or or if Mi is a prime 
number p at least equal to 2 and M2 >s an Integer that is not divisible by p. For a choice of integers Mi and Mz 

5 for which (Mi,M2)=1 • the coincidence wavelengths Xt for which the transmittances and T2 are both masdmal 
then become = and Xi = Xm. X2 = X^ya, and no other coincidence wavelength is closer to the desired 
vt^velength X^ than X^ which is displaced a distance Xm/2 from the desired value ; and no coincidence occuis 
at a wavelength Xk > Xm. However, if (Mi,M2) = q ^ 2, the coincidence wavelengths Xec » q XmAc for k < q are 
coincidence wavelengths that lie above the desired wavelength Xm and X^i ~ q XM(q-^1) lies bdow X^ and at 

10 a distance X^(q*»'1) ^ from the desired wavelength Xm. Thus, the maximum spadng of Xm from its nearest 
neighbor coincidence wavelength (one of the X^) occurs when the two integers Mi and M2 are relatively prime 
to one another so that (Mi,M2)=1 . 

As an example of this, Figs. 24A, 24B. 24C and 24D iilustrate the transmittances as afundion of wavelength 
and the proximify of transmittance maxima for four single optical cavity filters or etalons with filter thicknesses 

15 h = 180.67 nm, 722.70 nm, 361.35 nm and 549.25 nm, respectively. For each of the four cavities, the finesse 
is F a 19.30, the refractive index is n » 1.52 and the incidence angle Is 0 = 0. Comparing Figs. 24A and 24B, 
one notes that these two filters have a coincidence wavelength at X - Xm 549.25 nm for the respective ordere, 
m » 1 (24A) and m=4 (24B) and have a second (nearest neighbor) coincidence waveler^th at X sX^fi = 274.6 
nm for the respective ordere m = 2 and m - 8. The two transmittance peaks in Rg. 24A for m » 1 and m » 2 

20 are much broader than the corresponding transmittance peaks In Fig. 24B for m - 4 and m =: 8, respectively. 
Comparing Figs. 24C and 24D, one notes that these two filters have a coincidence wavelengtt) at X ^ Xm - 
549.25 nm for the respective ordere m » 2 and m = 3 and have a second (nearest ne'^hboi) coincidence 
wavelength at X = X^ 274.6 nm for the respe<^e orders m = 4 and m » 6. Each of these two paire of orders 
for the chosen wavelength Xm = 549.24 nm is relatively prime In the sense that {UiM2) - (1>4} - 1 and {M^M^ 

25 = (2,3) = 1 so that the nearest neighbor coincidence wavelength occurs at X^ 7^ = 274.2 nm. 

However, compare the maxima of Rgs. 24B and 240, for which the respective ordere at the wavelengtfi X 
=Xm = 549.25 nm are m = 4 and m - 2. The nearest neighbor coincidence wavelength for these two filtere occure 
at X. = (2/3) Xm = 368.33 nm. where the order m - 6 maxima for tiie second filter (Fig. 24B) colncMes witii the 
order m = 3 maxima for tiie third filter (Fig. 24C). This produces a nearest neighbor coincidence wavelengtfi 

30 ttiat is doser to tiie desired wavelengtfi Xm = 549.25 nm than is the coincidence wavelengtfi X = 7^ = 274.6 
nm. This is undesirable, and it arises Irom tiie fact that the ordere m - 4 (Ffg. 24B) and m » 2 (F^. 24C) for the 
desired wavelength are not relatively prime : (4,2) = 2. 

in choosing the ordere Mi and M2 for the desired common wavelengtii 7^ with maximum transmittance for 
a composite ftret band pass filter and second band pass filter, it is thus preferable to choose the integere Mi 

35 and M2 relatively prime to one another. One choice that insures this is Mi=1 or M^^i or both. The choice 
i\AiaM^1 produces a double cavity, a serial arrangement of two substantially Identical fiitere that produces a 
narrow or central pass band than either filter by itself, but at a cost of reduced transmission. If the maximum 
transmission of a pass band filter is, say, 0.8, a serial arrangement of N identical filters wll have a maximum 
transmission of (0.8)^. Another suitable choice is Mi=1 and ^2^3, 4 or higher. This latter diolce might be 

40 made where filter no. 1 1s a broad band filter and filter no. 2 is a narrow band filter. The broad pass band filt^ 
should have a central wavelength that coincides with the central wavelength X^ of the nanrow pass band fSter. 
The broad band pass filter will suppress the side bands or fringes associated with the narrow pass band fUter, 
and tiie nairow pass band filter can then provide a single, nan-ow, sharply defined wavelengtfi peak at X = X« 
for the serial combination of these two filters. 

45 If a narrow band pass filter and a broad band pass filter are positioned on a substrate of nominally constant 
thickness, the two filtere may be placed on separate, spaced apart, opposed surfaces. Preferably, however, 
tfiese two filtere should be placed on the same surface of such a substrate, orsufficientiy separated on different 
substrates, to prevent "leakage'* therethrough of light in an undesired pass band arising from internal reflections 
at non-zero incidence angles wittiin the intervening substrate{s). 

so The different embodimente of the light filter/photosensor anray disclosed above may be used in a variety 
of applications, including analytical spectroscopy, colorimetry. photometry and radicmietry. Analytical 
spectrophotometere and some colorimetere employ a built-in source of illumination whose effect must be 
removed or compensated for In the output signal in order to (mxiuce a conrect reading of the sample Illuminated 
by tiiat source. Accurate wavelengtfi measurement requires frequent calibration of the light source. This is most 

ss easUy accomplished by measuring the spectral response of the source using tiie spectrophotonneter output sig- 
nal and digiteliy storing tiie measured values in a calibration look-Hip teble (LUT). Upon subsequent spectral 
measurement of a sample, botti ttie spectfophotometer signals and the source calibration values for each 
photosensorelmnent are used to correct the photosen^r output signal. Each photosensor element may have 
an independent gain factor G, which may be less titan one, equal to one and greater tfian one, applied multip- 
licatively to the electrical output signal of tiie photosensor, in order to vary the output signal according to a cent- 
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ra! wav^ength of the narrow band of wavelengths received by that photosensor. This will allow wavelength- 
by-wavelength conrection for the source of light that arrives at the filter 1 53 in Rg. 17 and wHI further allow prac- 
5 tice of wavdength-selective spectroscopy. A specb-ophotometer or colorimeter, consbvcted according to any 
of the embodiments of the invention, vnW cause a variation in the peak wavelength in a sdected direction along 
the filter, and each photosensor element can be calibrated separately to remove or compensate for the effects 
of the illumination source. 

Colorimeters and some photometers require use of additional filtering such as the CIE X/Y/Z cdormatching 

10 filters used in colorimeters. These filter functions are easily stored in memory and appll^ to produce an elec- 
trical output signal, having a value that corresponds to an optical filter function as a function of wavelength or 
of the position of a photosensor element in an anray of such elements. Where the invention Is used with a ool- 
crimeter, the signal stream is applied separately to each of three filters, producing three output signals that have 
max&na In different wavelength regions in a manner well known in the art 

15 The compact size of a fully integrated package incorporating the inventk>n allows substantial miniaturization 
thereof and allows construction of portable instrumentation. One unique application of the spectrophotometer 
is for an on-board cdorimeter for monitoring color printing and display screens for computers and televiston 
raceivers. Other applications that use the small size of the Inventbn to advantage are in the construction of 
hand-held spectrophotometers, colorimeters and radiometers for remote measurement of chemical and medh 

20 cal processes, and a hand-held computer peripheral for color measurement or control and analysis of the dis- 
play on a computer monitor. A chemical or medical process could be monitored in ^tu in real time, using a 
nu'niaturized spectrophotometer or similar device tiiat incorporates the invention. 

Another applteatton of the invention Is to construction of a colorimeter with arbitrarily prescribed electronic 
filters included for the color descriptbn chosen. This color description can be prescribed in terms of WGIB or 

25 CAVM or X/Y/Z or any otiier appropriate multiple-parameter description of tiie color content of a light signal. 

One model used to analyze colorimeter performance is fllustrated in Fig. 25. Tri-stimulus X/Y/Z values, used 
for measuring the eye's response to an object 172 that is illuminated by a known light source 173 and received 
by an eye 175, are computed using the CIE 1931 color matching functions. For non-luminous objects, the col- 
orimeter measures each object 172 under the illumination of an appended lamp 177 tiiat has a spectral dis- 

30 tribution that differs from the ambient light In order to match the tri-stimulus response of the eye 175, the 
spectral distribution measured by a photosensor 1 79 must be connected through calibration to include the spec- 
tral distribution of the ambient source 1 77 and to remove or compensate for Oiumination produced by the lamp 
177. Once this correction is made the resulting signal is convolved with the CIE 1931 x, y, z Color Matching 
Functions (or their cunrent equivalents) to produce X, Y. Z tri-stimulus values of tiie measured object The cdor 

35 difference between the response of the eye 1 75 and th e response of tiie colorimeter Induding tiie photosensor 
179 can be computed using the 1976 CIE LUV color difference equations or using otiier suitable cdorimetric 
difference algorithms. 

Another application of the invention Is to construction of a photometer or a lumlnometer, Induding an elec- 
tronic wavelength filter tiiat is preset to a desired luminosity cun/e. 

40 Another appllcatibn of the invention Is to a reflectance spectrophotometer in which no predetermined eleo- 
tronb filtering is imposed on the photosensor anray. This device could be used to scan any combination of 
infrared, visible and ultraviolet light or any self-luminous device. The invention may also be used as part of a 
transmission spectrophotometer in which a cell containing the sample is inserted in the path of the light beam. 
Another applicatfon of the invention is as a multiple channel communications receiver 181, as shown in 

45 Fig. 26, using an optical multiplexer with spectral separation provided by a spectrophotometer constructed 
according to the inventk>n. Two or more convnunications signals 182 and 183 are received serially or simul- 
taneously in time by a light filter and sensor system 184 constructed according to the invention. The system 
184 indudes a light filter 185 constructed according to tiie invention plus a photosensor array 186 that leceh/es 
tiie filtered l^ht that Is bansmltted or reflected by tiie light filter 1 85. The signals 182 and 183 are eiectromag- 

so netic signals having representative, approximately monochromatic wavelengttis Xi and A^i respectively, witti 
Xi and Xz being spaced apart suffidentiy so that each of these signals is received by a different photosensor 
or different group of photosensors in the anay 188. Electrical signals produced by each of the photosensors 
in the anray 186 are periodically accepted by a multiplexer ("iVlUX") 187 (optional), witii the signal finom photo- 
sensors that recehm the two communication signals 1 82 and 183 being produced as MUX output sfgnals during 

55 non-overiapping time intervals. The temporally non-overiapping output signals from the MUX 187 may then be 
separately processed, if desired. Theoretically, a photosensor array 186 witii 200 sensors could provide up to 
200 separate communication channels. In practice, groups of adjacent photosensors might be used for each 
separate channel so tiiat 20-40 different communication channels might be provided by the embodiment 181. 
The communication signals themselves might use ultraviolet visible or intirared wavelengths or combinations 
of tiiesa wavelength ranges. The communications receiver can also be operated wittiout the multiplexer 187 
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because light with wavelengths corresponding to two or more channels can be received simultaneously by the 
corresponding photosensors. Thus, information on two or more wavelength channels can be leceived and sepa- 

5 rated simultaneously. 

Another applicatton of the invention is as a color scanner, as illustrated in Fig. 27. A light beam 1 91 , having 
a plurality of different wavelengths X, arrives at a spectrophotometer or colorimeter 1 33 constructed according 
to the invention. The light beam 191 Is recced by an elongated light filter 195, construct according to ttie 
invention, and is decomposed spectrally by the light filter into a sequence of photosensor fom, with each row 

10 conresponding to a different central wavelength. The spectrally decomposed light is received by a photosensor 
array that Includes three or more rows 197-1, 197-2 and 197-3 of photosensor elements, virfth each such row 
analyzing a wavelength range centered at a different central wavelength Xi, X2 and X3, respectively. These 
wavelength ranges may partly overiap or may be completely separated. The light fOter 195 may Qluminate all 
photosensor rows shnidtaneously, or the light Issuing from the light filter may illunninate the photosensor rows 

IS one by one by sweeping this light serially across each such row. The electrical signals produced by the photo- 
sensors in each row 197-1, 197-2 and 197-3 represent the wavelengths present in a selected portion of the 
ultraviolet, visible or Infrared wavelength region contained in the incident light beam 191. The decMcal signals 
from each raw 197-1, 197-2 and 197-3 may be sent out on separate output signal lines 179-1, 179-2 and 179-3, 
respectively, or these signals may be multiplexed on a single line using a multiplexer similarto the MUX arrange- 

20 ment shown in Fig. 26. 

The light filter itself may be used as a light monochrometer by deleting the photosensor annay 155 shown 
in Figs. 17 and 18. The light filter spectrally decomposes the Incident light beam 157, and a small sector of 
light that Issues from the light filter will be approximately monochromatic. 

Fig. 28 illustrates schematically a working prototype of one embodiment 21 1 of the invention, in which light 

25 from a Hg vapor lamp 213, viflth characteristic peak emissions at wavelengths X » 409, 436, 546 and 578 nm, 
is passed through an iris or slit 215, through a lens 217 and is reflected by a minror 219 toward a wavelength 
filter 221 constructed according to the invention. The particular fitter 221 here has a narrow band pass filter 
and a broad band pass filter that are each construded using a wedge with two planar reflecting surfaces as 
part of the variable thidmess filter. The light transmitted at each spatial position x along the fStar 221 lies in a 

30 narrow band of wavelengths whose FWHf^ ranges from 6 to 14 nm in one embodiment, and the transmitted 
light Is received by a linear anray 223 of photosensors that are processed by an electronics module 225. A lon- 
gitudinal translation screw 224 is optionally provided to allow adjustment of the relative position of the fOter 221 
and the photosensor array 223. The light intensity l(X ; x) received at each photosensor in the linear array 223 
may be displayed on a CRT or other display module 227 as a function of central wavelength %e (or variable 

3S position x) for each of a linear anray of photosensors, as shown in Fig. 29. 

Electronics for controlling photosensor arrays and for digitizing tiieiroutput signals are well knarni and conv 
merdally available. The corcults control the time and rate of exposure, collect and serially ^ift out the charge 
generated by each respective photoelement, then amplify and digitize the signal stream. 

Alignment of the variable wavelength filter and ^otosensor array may be controlled through electron^ 

40 measurement and signal processing. By exposing the spectrophotometer to a monochromatic source of known 
wavelength, the output signal from the photosensor 231 shown in Rg. 30 vAll indicate the particular photoele- 
ment along the array tiiat has been aligned with the filter for tiiat wavelength. Additional measurenrants at dif- 
ferent wavetengttis can be used to identify tiie exact filter gradient, if unknown, to determine ttie numberof active 
elements covering a given spectral range. The process is facilitated by providing for additional, and therefore 

45 unused, photoelements along the array. The additional elements provide a margin for manufacturing and 
assembly tolerances of the photosensor and filter. In Fig. 30, the identity of each photoelement witti a particular 
spectral band or wavelength can be stored in digital memory as a bandpass assignment look up table (LUT) 
235. The signal provided by the unused, and therefore unassigned, elements at the endsof the array are 'top- 
ped" (discarded) from the signal stream by a sample chopper 237. 

so The digitized signals from the sensor typically have enrors due to photoresponse non-unlformitles along 
the array. Non-unifonmities arise from element photoresponse variation, wavelength dependent respon^ty, 
bandpass shape and transmittance variation along tiie filter, and non-unifonruties in ttie optics. These device 
dependent errors can be compensated for by calibratbn. Through measurement a calibration factorfbr each 
photoelement is computed to correct the spectrophotometer response to a known ^urce, e.g. a black body 

55 radiator. The fectore are digitally stored in a calibration LUT 239 and sequentially applied by a multiplier module 
241 to the output of the spectrophotometer upon all subsequent readings. Sequencing Is controlled In coordi- 
nation with the sample chopper 237 to assure that each calibration factor is applied to ttie signal of the approp- 
riate photoelement A dark cunnent register 243 receives and stores digitized dark cun-ent signals for each of 
ttie active photosensors in the array 231 and substracts tiiese values, sensor-by-sensor, from ttie electrical 
output signal from ttie sample chopper 237 by means of a subtracter module 245. Filter tables 247 are optionally 
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provided for color cmipensatlon or color comparison purposes, using another multiplier nrKxluie 249. 

The preceding discussion has covered several configurations, and it Is worthwhile to indicate the problems 

5 and advantages associated with each confguration. All optical cavities discussed here are assumed to provide 
a central vyavelength that varies with position ("variable wavelength filter") unless indicated otherwise. A 
single cavity narrow band filter provides no means to suppress the undesirable fringes that occur. This may 
require use of a low etalon order (m-1 or 2) for transmission in order to keep these fringes as far from the fun- 
damental or desired pass band as possible. Use of a low etalon order will produce a wider so-called nanrow 

10 band : the FWHM of such a band becomes nanrower as the central wavelength decreases, corresponding to 
Increasing order. 

Use of a double cavity or compound narrow band filter, such as a combination of two Fabry-Perot etalons 
or edge filters positioned to serially receive the light beam, produces a narrower band than the single cavity 
arrangement but suffers from lower total transmission. These features are also present In a composite filter 
IS consisting of a single cavity narrow band filter plus a single cavity wide band filterand requires care In alignment 
of the variable central wavelength of each cavity. 

A comblnatbn of a double cavity nanow band filter plus a wide band filter will allow more tderance in align- 
ment of the variable central wavelength 1^ and will produce a narrow band output signal at any position. 

Use of a narrow band edge filter, or Fabry-Perot etalon with spacer together with a Fabry-Perot reflector, 
30 both narrow band, will provide a narrow, almost rectangular pass band with relatively high transmission. Adding 
a wide band filter to this configuration will produce similarresults, but the central wavelength alignment problem 
b present hero. Replacing this wide band fBter by a variable wavelength wide band filter will also provide a 
narrow, almost rectangular pass band with high transmission, and higher etalon orders may be used to further 
steepen the rise and fall of the pass band. 

25 

1. A light fflter having a band pass with a central wavelength for light that varies with displacement of position 
so in a selected spatial direction in a light-receiving plane of the filter, the apparatus comprising ; 

a fsst stratum of filter material having two spaced apart light-receiving surfaces facing one another 
and that is partly transmitting and partly reflecting for light received of a light-receiving plane thereof and 
having a wavelength in a selected pass band of wavelengths, where the distance of separation of the two 
surbces increases monotonlcally with displacement of position in the selected direction and for at least 
39 one position the distance of separation Is approximately equal to m V2n, where m is a positive integer 
and n Is the real part of the refractive index of the material for light of a selected wavelength in the selected 
pass band ; and 

a second stratum of filter material having two spaced apart light-receiving surfaces facing one 
another with a distance of separation that varies with displacement In the selected direction, that is at least 
^ partly transmitting for light having the wavelength that is substantially fully absorbing or reflecting for 
light having a second wavelength approximately equal to a wavelength of any side band of the first stratum 
of filter material, and that is positioned so that light transmitted through one of the first filter stratum and 
the second filter stratum Is received by the other filter stratum. 

45 2. A light fater having a band pass with a central wavelength for light that varies with displacement of position 
in a selected spatial direction in a light-receiving plane of the filter, the apparatus comprising : 

a first stratum of filter material having two spaced apart light-receh^ing surfaces fadng one another 
and that is partly transmitting and partly reflecting for light recehfed of a Tight-receiving plane thereof and 
having a wavelength in a selected pass band of wavelengths, where the distance of separation of the two 

so surfaces increases monotonlcally with displacement of position in the selected direction and for at least 
one position the distance of separation Is approxnmately equal to (m-1/2} V2n, where m Is a positive integer 
and n is the real part of the refractive index of the material for light of a particular wavelength Xe in the selec- 
ted pass band ; and 

a second stratum of filter material having two spac^ apart light-receiving surfaces fadng one 
55 another with a distance of separation that varies with displacement in the selected direction, tiiat is at least 
partly rsflecting for light having the wavelength X^. that is substantially fully absorbing or transmitting for 
light having a second wavelength approximately equal to a wavelength of a side band of the first stratum 
offOt^mater^, and that is positioned so that light Issued from one of the first filter stratum and the second 
filt^ stratum is recehred by the otherfSter stratum. 
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A light fOter having a band pass with a centra) wavelength for light tiiat varies with displacement of position 
In a selected spatia) direction In a light-receiving plane of the filter, the apparatus comprising : 

a first stratum of filter material having two spaced apart light-receiving surfaces facing one another 
and that is partly transmitting and partly reflecting for light received of a light-receiving plane thereof and 
having a wavelength In a select band of wavelengths, where the distance of separation of the two sur- 
faces increases nK)notonically with displacement of position in the selected direction and for at least one 
position the distance of separation is approximately equal to m XJ2n, where m is a positive integer and n 
is the real part of the refractive index of the material for light of a selected wavelength in the selected 
pass tend ; and 

a second stratum of filter material that has two spaced apart light-receiving surfaces facing one 
anotherwith a distance of separation that varies with displacement in the selected direction, that is at least 
partly transmitting for light having the wavelength 7^, that is substantially fully absorbing or transmitting for 
light having a wavelength approximately equal to a wavelength of any side band of the first stratum of filter 
material, and that is positioned so that light transmitted through one of the firstfilter stratum and the second 
filter stratum is received by the other filter stratum. 

A light filter having a tend pass with a central wavelength for light that varies with displacement of position 
in a selected spatial direction in a light-receiving plane of tiie filter, the apparatus comprising : 

a first stratum of filter material that has two spaced apart l^ht-receiving surfaces facing one another 
and that is partly transmitting and partly reflecting for light received of a light-receWing plane ttiereof and 
having a wavelength In a selected pass band of wavelengths, where the distance of separation of ttie two 
surfaces increases monotonically with displacement of position in the selected direction and for at least 
one position the distance of separation is approximately equal to (m-1/2) XcfZn, where m is a positive integer 
and n Is the real part of the refractive index of the material for light of a particular wavelength Xc in ttie selec- 
ted pass tend ; and 

a second stratum of filter material that has two spaced apart light-receiving sur^ces facing one 
anottier with a distance of separation that varies witii displacement in the selected direction, that is at least 
partiy reflecting for light having the wavelength ^ that is substantially fully ateorbing or reflecting for light 
having a second wavelength approximately equal to a wavelengtti of any side band of the first stratum of 
filter material, and that is positioned so ttiat light issued from one of tiie first filter stratum and Oie second 
filter stratum Is received by the other filter stratum. 

The apparatus of claim 1, 2, 3 or 4, wherein said integer m is at least equal to two. 

The apparatus of daim 1 , 2» 3 or 4, wherein said distance of separation of said two surfaces of sakJ first 
filter stratum changes continuously with displacement of position in said selected direction ; and 

wherein said first of said two surfaces of said second filter stratum has a staircase configuration witti 
two or more staircase segment planes that are spaced apart from and approximately parallel to said second 
surface of said second filter stratum. 

The apparatus of claim 1 . 2. 3 or 4, wherein said first surface of said forst filter stratum has a staircase con- 
figuration witii two or more staircase segment planes that are spaced apart from and approximately parallel 
to said second surface of said first filter stratum ; and 

wherein said distance of separation of said two surfaces of said second filter changes continuously 
witii displacement of position in said selected direction. 

The apparatus of daim 1 , 2, 3 or 4, wherein said first surface of said first filter stratum has a staircase con- 
figuration witii two or more staircase segment planes that are spaced apartfrom and approximatety parallel 
to said second surface of said firstfilter stratum ; and 

wherein said first surface and second surfece of said second filter stratum each have a stanrcase 
configuration, with two or more staircase segment planes of said first surface being spaced apart from and 
approximately parallel to two or more staircase segment planes of said second surface. 

The apparatus of daim 1, 2, 3 or 4, wherein said first surface and said second sur^ce of said firstfilter 
Stratum each have a staircase configuration, witti two or more staircase segment planes of said firstsurface 
being spaced apart from and approximately parallel to two or more staircase s^ment planes of said second 
surface ; and 

said first surface of said second filter stratum has a staircase configuration witii two or more staircase 
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segment planes that are spaced apart from and approximately parallel to said second surfiace of safd sec- 
ond fSter stratum. 

10. The apparatus of claim 1, 2, 3 or 4 wherein said distance of separation h(x), as a function of position x in 
said selected direction, of said two surfaces of said first filter stratum is approximately of the form h{x) = a 
-t* b}^, where a, b and k are predetenmined real constants and k^O. 

11. Alightfilterand sensorsystem havingaband pass with a central wavelength for transmitted light that varies 
continuously with displacement of position in a selected spatial direction in a light-receiving plane of the 
filter, the apparatus comprising : 

a stratum of fBter material having two spaced apart light-receiving surfaces facing one another, being 
parSy transmitting and partly reflecting for light received at a light-receiving plane thereof and having a 
wavelength in a selected pass band of wavelengths, where the distance of separation ht of the two surfaces 
increases monotonically with displacement of position in the selected direction and for at least one position 
the distance of separation hi is approximately equal to m XJ2r\, where m is a positive Integer and n Is the 
real part of the refractive index of the material for light of a selected wavelengtii in the selected pass 
band ; and 

an array of photosensors extending in the selected direction, with each photosensor being posi- 
tioned to recehfe a portion of a light beam that is transmitted ttirough the fater stratum at a position measured 
in the selected direction. 

12. A light filter and sensor system having a bandpass central wavelength for reflected light that varies with 
displacement of position in a selected spatial direction in a light-receiving plane of the fOter, Hie apparatus 
comprising : 

a stratum of filter material, having two spaced apart light-receiving surfaces facing one anottier and 
being partly transmitting and pattiy reflecting for light received at a light-receiving plane thereof and having 
a wavdength in a selected pass band of wavelengths, where the distance of separation h^ of the two sur- 
faces increases monotonically witii displacement of position in the selected direction and for at least one 
position ttie distance of separation hi is approximately equal to (m-iy2) XJZn^ where m is a positive integer 
and n Is the real part of the refiractive index of the material for tight of a particular wavelength in the seleo- 
ted band ; and 

an array of photosensore extending in the selected direction, with each photosensor being posi- 
tioned to receive a portion of a light beam that is reflected from the filter stratum at a position measured in 
the selected direction. 

13. A light filter and sensor system according to claim 11 or 12, wherein said first photosensor array receives 
a portion of an Incklent light beam having wavelengths in a ^t wavelength Interval ii and said second 
photosensor anray receives a portion of ttie Incident light beam having wavelengths In a second wavelength 
interval 12, 

whereby the system can detemilne the energy of an incident light beam in each of two different 
wavelength intervals. 

14. A light filter and sensor system according to daim 1 1 or 1 2, wherein said photosensor an^y has at least 
first and second photosensors that receive first and second portions, respectively, of an incident light beam 
that have passed through said stratum of filter material and have first and second wavelengths Xi and X2, 
respectively, and each of tiie first and second photosensors produces an electrical output signal when that 
photosensor receh/es a portion of an Incident light from said strahjm of filter material, 

whereby the system can receive and sense two electromagnetic signals, each having a different 
wavelength, and 

further comprising: 

an electrical s^nal multiplexer having first and second Input terminals to receive said first and s^ 
ond photosensor output signals, respectively, and having an output tenmlnal to aitematingly issue, as an 
output signal thereat, tiie input signal received at the first input tenninal or at tiie second Input tenmlnal. 

15. The apparatus of daim 11 or 12 wherein each of said array of ^Id photosensor elements has an output 
temiinal at which an electrical signal appeare in response to receipt of light at said photosensor element, 
and 

wherein each of said electrical output signals of said photosensor element has a gain factor applied 
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thereto, and two or more of these gain factors have different values, corresponding to a predetermined pat- 
tem of such gain factors. 

1 6. A light filter having a band pass with a central wavelength for transmitted light that varies continuously with 
displacement of position in a selected spatial direction In a light-receiving plane of the fDter, the apparatus 
comprising : 

afifst edge filter that is approximately 100 percent transmitting for incldentlight of wavelength equal 
to a selected central wavelength ^ and that is substantially non-transmitb*ng for inddent light having a 
wavelength X = Xc ♦ A >^.whlth A Xi/X, > 0.1 ; 

a second edge filter that is approximately 100 percent transmitting for incident light of wavelength 
e and that fs substantially non-transmittfng for Incident l^ht of wavelength X = Xc - A with A V > 0.1, 
where the wavdength Xe increases monotonfcally with displacement of position in a seiected spatial direo- 
tion; 

a strahjm of band pass fnter material, poslttoned adjacent to at least one of the first edge filter and 
the second edge filter, that is approximately fully transmitting for incident light of wavelength Xc and that is 
substantially non-transmitting for light of wavelength h = X« A Xq with I A X<| I / Xp > 0.6, where the first and 
second edge fQtere and the bandpass filter are positioned to serially receive and transmit a portion of an 
incident light beam. 

17. A light fitter having a band pass with a central wavelength for reflected light that varies continuously with 
displacement of position in a selected spatial direction in a light-recehnng plane of the fSter, the apparatus 
comprising : 

a fvrst edge filter that is approxonately fully reflecting for incident light of wavelength equal to a selec- 
ted central wavelength Xc and that is substantially non-reflecting for incident Tght having a wavelengtii X = 
Xc + A Xi with A X^iXc > 0.1 ; 

a second edge filter that is approxonately 100 percent reflecting for incident light of wavelength c 
and that is su bstantiaily non-reflecting for incident light of wavelength X - Xc - A X^ with A X^ X^ > 0.1 where 
the wavelength X^ increases monotonically with displacement of position In a selected spatial direction ; 

a stratum of band pass filter material, positioned adjacent to at least one of tiie firet edge filter and 
the second edge filter, that is approximately 1 00 percent reflecting for incident light of wavelength Xo and 
ttiat is substantially non-reflecting for light of wavelengtii X = X^ + A Xs witti I A X3UX0 > 0.5, where the firet 
and second edge filtere and ttie band pass filter are positioned to serially receive and reflect a portion of 
an inddent light beam. 

18. A light filter having a band pass wttii a central wavelengtii for light that varies with dis^acement of position 
in a selected spatial direction in a light-receiving plane of the Alter, the apparatus comprising : 

a multi-layer first filter that is at least partly transmitting for light having a wavelength X^:, the filter 
ha>^ng N (N ^ 4) layers of material witii relatively high refractive index and having N-1 layere of material 
witti relatively low refractive index n^, where the high Index layere and the low index layere are positioned 
adjacent to and alternate with one another to fonn a multi-layer structure, where each high index layer has 
a tiiickness equal to (2p-1)X(/4nH for some positive integer p, each of tiie low index layere, except two layere, 
has a thiclcness equal to (2q-1) 7^4ni_ for some positive integer q, and two of the low Index layere have 
thicknesses that increase monotonically with displacement of position in the selected direction and for at 
least one position the thicknesses of these two low index layere are approximately mi X(/2nt and m2X«/2nL 
for two positive integere mi and ma, where Xq is a selected wavelength In the selected pass band ; and 

a second filter that is at least partly transmitting forlight having tfie wavelengtii X^ that is substantially 
fully absorbing or reflecting for light having a wavelengtii approximately equal to a wavelengtii of any side 
band of tiie first filter, and tiiat is positioned so that light transmitted tiirough one of the first filter and the 
second filter is received by the other filter. 

1 9. A light filter having a band pass witii a central wavelengtii for light that varies with displacement of position 
in a selected spatial direction In a light-receiving plane of tiie filter, the apparatus comprising : 

a multi-layer firet filter that is at least partiy transmitting for light having a wavelengtii X«, the filter 
having N (N ^4) layers of material with relatively high refractive index and having IM-I layere of material 
witii relatively low refractive index n^, where the high index layere and the low index layere are positioned 
adjacent to and alternate witii one another to form a multi-layer strucbjre, where each low index layer has 
a thickness equal to (2p-1) X^4nH for some positive integer p, each of the high index layere, except two 
layere, has a tiiickness equal to (2q-1) X^Mni. for some positive integer q, and two of the high index layere 
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have thicknesses that incfease monotonicalty with displacement of position in the selected direction and 
for at least one position the thidcnesses of these two low index layers are approximateiy mi XJ2x\h and 
V2nH for two positive integers m^ and m2, where X« is a selected wavelength in the selected pass band ; 
and 

a second filter that is at least partly transmitting for light having the wavelength Xe. that is substantially 
fully absorbing or reflecting for light having a wavelength approximateiy equal to a wavelength of any side 
band of the first filter material, and that Is positioned so that light transmitted thiough one of the first filter 
and the second fHter is received by the other filter. 

20. A light fSter having a band pass witti a central wavelength for light that varies with displacement of position 
in a selected spatial direction in a light-receiving plane of the filter, the apparatus comprteing : 

a multMayer first filter that is at least partly transmitting for light having a wavelength the filter 
having N (N s;4) layers of material with relatively low refractive index and having N-1 layers of material 
with relatively high refractive index n^ where the high index layers and the low index layers are positioned 
adjacent to and alternate ^th one another to fonn a multi-layer structure, where each h^h index layer has 
a thickness equal to (2p-1} XJ4t\H for some positive integer p, each of the low index layers, except two 
layers, has a thickness equal to (2q-1} XJAni for some positive integer q, and two of the low index layers 
have thicknesses that increase monotonically with dtspiacement of position in the selected direction, and 
for at least one position the thicknesses of these two low index layers are approximately m^ XJ2r\i and tttz 
V^ntfortwo positive integers m^ and ma, where X^; is a selected wavelength in tiie selected pass band ; 
and 

a second filter ttiat is at least partiy transmitting for light having ttie wavelengtii Xc that is substantially 
fully absorbing or reflecting for light having a wavelength approximately equal to a wavelength of any side 
band of the first filter, and tiiat is positioned so that light transmitted through one of the first filter and the 
second filter is received by the other filter. 

21. A light filter having a band pass with a central wavelength for light that varies with displacement of position 
in a selected spatial direction in a light-receiving plane of the filter, the apparatus comprising : 

a multi-layer first filter that is at least partly transmitting for light having a wavelength Xc the filter 
having N (N 2 4) layers of material witii relatively low refractive index and having N-1 layers of material 
wttti relatively high refractive index nt, where the high index layers and ttie low index layers are positioned 
adjacent to and alternate witti one another to fonn a multi-layer stmcture, where each h^h index layer has 
a thickness equal to (2p-1) XJAtin for some positive integer p. each of the high index layers, except two 
layers, has a ttitekness equal to (2q-1) 7^4nt for some positive integer q, and two of the high index layers 
have thicknesses that increase monotonteally witti displacement of position in ttie selected direction, and 
for at least one position the thicknesses of tiiese two high index layers are approximately mi XJ2ni and 
m2X«/2nt.for two positive integers mt and m2, where X« is a selected wavelength in the selected pass band; 
and 

a second filter that is at least partly transmitting for light having the wavelength Xc, that is substentially 
fully absorbing or reflecting for light having a wavelength approximately equal to a wavelength of any side 
band of the first filter, and tiiat is positioned so that light transmitted through one of the first filter and the 
second filter Is received by the otiier filter. 

22. The apparatus of daim 18 or 20 wherein said second fitter is substentially fiiliy absorbing or reflecting for 
light having a wavelengtii X = Xe A X witii I A X I / Xc > 0.5. 

23. The apparatus of dalm 19 or 21 wherein said second filter Is substentially fully absorbing or transmitting 
for light having a wavelength X = Xc + A X witfi | A x| /X^ > 0.5. 
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